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SOMMAIRE 
 
L’étude des déterminants de l’aptitude phénotypique renseigne sur l’écologie évolutive des 
organismes, et sur les pressions de sélection pouvant agir sur leurs traits phénotypiques. Chez 
les femelles mammifères, la taille corporelle est associée à un meilleur succès reproducteur, à 
travers une fécondité accrue, des soins maternels plus performants et une survie améliorée de 
leurs juvéniles. Atteindre une grande taille, néanmoins, implique des coûts et des compromis, 
car la croissance est un processus coûteux qui limite l’énergie restante pour d’autres fonctions. 
Ainsi, la croissance occasionne des compromis à court terme entre différents traits pouvant tous 
favoriser une meilleure aptitude phénotypique. Il est intéressant d’étudier les décisions 
d’allocation entre la croissance et la reproduction pour mieux comprendre l’évolution des 
stratégies d’histoire de vie, plus particulièrement chez un grand mammifère itéropare.  
 
Mon projet de maîtrise visait à quantifier l’effet de la taille squelettique sur le succès 
reproducteur des femelles chez le kangourou gris de l’Est (Macropus giganteus). Ce modèle 
d’étude est particulièrement pertinent puisque les kangourous continuent de grandir pendant une 
grande partie de leur vie, prolongeant les compromis entre la croissance et la reproduction. Pour 
répondre à mes questions de recherche, j’ai utilisé les données de captures de femelles d’âge 
connu au fil des huit années de suivi, de 2008 à 2016, d’une population naturelle de kangourous 
au Wilsons Promontory National Park, dans l’état de Victoria en Australie. J’ai également étudié 
la composition du lait chez un sous-échantillon de femelles en 2014 et 2015, pour évaluer la 
variabilité des soins maternels chez cette espèce.  
 
J’ai d’abord identifié les facteurs les plus importants expliquant la croissance des femelles 
adultes. Les femelles plus jeunes et plus petites avaient les taux de croissance les plus élevés, 
mais les femelles de petite taille plus âgées grandissaient moins que les plus jeunes, indiquant 
potentiellement une accumulation de coûts pour la croissance avec l'âge. J’ai également trouvé 
que la condition corporelle des individus était positivement corrélée à leur croissance 
squelettique annuelle, alors que les précipitations hivernales semblaient réduire celle-ci. 
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Parallèlement, la fécondité d’une femelle était positivement expliquée par sa taille corporelle et 
son âge, mais l’effet de la taille corporelle s’estompait chez les femelles plus âgées. De plus, la 
condition corporelle d’une femelle augmentait la probabilité de donner naissance et la survie du 
juvénile jusqu’à 10 mois. Ces résultats suggèrent que la fécondité et le succès reproducteur 
entrent en compromis avec la croissance squelettique, spécialement chez les jeunes femelles de 
petite taille. Alors que la croissance somatique semble priorisée en début de vie, l’allocation à 
la reproduction semble augmenter avec l’âge, et ce, indépendamment de la taille.  
 
L’étude de la composition du lait a révélé que les soins maternels des kangourous semblent 
fortement affectés par la qualité de leur environnement. En effet, les femelles allaitant pendant 
une année à faible productivité végétale produisaient un lait beaucoup plus faible en énergie que 
les femelles allaitant pendant une année plus productive, et ce, au même stade de lactation. De 
plus, les femelles atteignant le milieu de la lactation avant l’émergence printanière de la 
végétation produisaient un lait plus riche en lipides que celles allaitant vers la fin du printemps, 
suggérant que les femelles se reproduisant tôt ont dû puiser dans leurs réserves d’énergie au lieu 
de tirer l’énergie nécessaire à lactation de leur environnement. J’ai également trouvé que les 
femelles de plus grande taille squelettique produisaient un lait plus riche en protéines, suggérant 
que l’allocation des ressources à la reproduction augmente lorsque le compromis avec la 
croissance est plus faible. Finalement, les mères en bonne condition corporelle ayant un fils 
produisaient un lait plus riche en protéines que les mères de filles, suggérant un mécanisme 
adaptatif d’allocation de ressources en faveur de la croissance des mâles.  
 
En conclusion, les femelles atteignant une grande taille squelettique tôt dans leur vie ont une 
meilleure fécondité spécifique à leur âge. Comme les conditions environnementales expliquent 
en partie la variabilité en croissance annuelle chez les femelles adultes, les conditions précoces 
de vie auront potentiellement des répercussions à long terme sur le succès reproducteur à vie, 
en affectant les taux de croissance avant l’atteinte de la maturité. Finalement, la stratégie de 
lactation des kangourous semble être fortement influencée par la disponibilité de ressources, 
renforçant l’hypothèse que ces mammifères possèdent une stratégie de reproduction 
conservatrice et dépendante du statut nutritionnel de la femelle. Mes résultats offrent aussi une 
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explication de la modulation de la composition du lait selon le sexe du jeune, montrant que les 
femelles de meilleure qualité phénotypique ont avantage à allouer davantage de ressources à 
leur progéniture mâle, pour augmenter leur succès reproducteur. Les prochains travaux pourront 
bénéficier des années additionnelles de suivi de cette population pour investiguer le succès 
reproducteur à vie et quantifier l’importance des effets cohorte.  
 
Mots-clés : Allocation, Croissance indéterminée, Mammifères, Soins maternels, Succès 
reproducteur 
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CHAPITRE I 
INTRODUCTION 
 
La sélection naturelle entraine la maximisation de l’aptitude phénotypique, à travers une 
combinaison optimale des traits d’histoire de vie (Roff 2002). En effet, les traits d’histoire de 
vie, tels l’âge et la taille à la première reproduction, et le taux de croissance, sont grandement 
impliqués dans la survie et la reproduction d’un individu (Stearns et Koella 1986). Cependant, 
à un temps donné et pour une quantité d’énergie limitée, les ressources dirigées vers un trait 
occasionnent une contrainte énergétique pour les autres traits, créant des compromis entre de 
multiples paramètres d’histoire de vie pouvant tous améliorer l’aptitude phénotypique (Stearns 
1992; Yampolsky 2002). Par exemple, les espèces qui allouent davantage à la reproduction tôt 
dans leur vie ont une courte longévité, comparativement aux espèces longévives qui retarderont 
leur première reproduction et seront moins fécondes (Gaillard et al. 1989). Ainsi, il existe une 
grande diversité interspécifique des stratégies pouvant être adoptées pour répondre aux 
compromis énergétiques entre la survie et la reproduction. Au niveau intra-spécifique, la 
variation des traits entre les individus occasionnera des différences en survie et en succès 
reproducteur (Stearns 1992).  
 
Objectifs  
 
Ma maîtrise a comme objectif principal d’investiguer les déterminants du succès reproducteur 
chez les femelles du kangourou gris de l’Est (Macropus giganteus), un grand mammifère 
herbivore. Je me concentre plus particulièrement sur le rôle de la taille corporelle et les 
compromis attendus entre la croissance somatique et la reproduction, ainsi que sur la variabilité 
interindividuelle des soins maternels à travers la composition du lait. Mon projet comporte trois 
objectifs plus spécifiques, soit : 
1) Quantifier le rôle de variables endogènes et exogènes sur la croissance squelettique des 
femelles adultes 
2) Déterminer l’effet de la taille squelettique des femelles sur leur effort reproducteur et la 
survie de leur juvéniles 
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3) Identifier les déterminants maternels et environnementaux de la composition du lait, et 
les répercussions de cette dernière sur la survie juvénile en milieu naturel 
 
Suite à une introduction générale, ce mémoire se divise en trois autres chapitres. Le second 
chapitre explore les deux premiers objectifs, alors que le troisième chapitre se concentre sur le 
troisième objectif. Finalement, le quatrième chapitre est une conclusion générale rapatriant les 
principaux résultats et les implications de mon mémoire pour les travaux futurs.  
 
Contexte de l’étude et espèce-modèle 
 
Mon projet se base sur plus de huit années de suivi longitudinal d’une population de kangourous 
gris de l’Est dans le sud-est de l’Australie, au Wilsons Promontory National Park (38°57’S, 
146°17’E), dans l’état de Victoria. À chaque année depuis 2008, les femelles adultes marquées 
dans l’aire d’étude sont recapturées afin de suivre la reproduction, la croissance et la survie des 
mêmes individus. Un sous-échantillon grandissant des femelles sont d’âge connu, me donnant 
accès aux données de plus de 350 captures pour étudier les compromis entre la reproduction et 
la croissance chez cette espèce. De plus, nous avons échantillonné le lait de 91 femelles en 2014 
et 2015, me permettant d’explorer la variabilité de la composition du lait et ses effets chez ce 
mammifère en milieu naturel.  
 
Le kangourou gris de l’Est est un grand herbivore polygyne possédant un dimorphisme sexuel 
prononcé (Jarman 1983). Cette espèce possède des caractéristiques écologiques similaires aux 
ongulés, mais il s’agit d’un marsupial, un mammifère ayant un parcours évolutif divergeant des 
euthériens (Hayssen et al. 1985) et ayant développé des caractères reproductifs propres. En effet, 
suite à une gestation très courte (36 jours), les femelles donnent naissance à un jeune 
d’apparence fœtale qui poursuivra son développement dans une poche en se nourrissant du lait 
de sa mère (Tyndale-Biscoe et Janssens 1988) pendant les 16 à 23 mois suivants (King et 
Goldizen 2016). La composition du lait  est contrôlée au niveau de la glande mammaire par des 
protéines «signal», dont l’expression suit un patron temporel prédéterminé (Trott et al. 2003; 
Sharp et al. 2017), et change drastiquement tout au long du développement du juvénile pour 
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répondre à ses besoins énergétiques grandissants (Tyndale-Biscoe et Janssens 1988). On 
observe notamment une augmentation graduelle des concentrations de protéines et de lipides 
dans le lait, suivie d’une montée exponentielle de ces macronutriments durant la seconde moitié 
de la lactation, ainsi qu’une diminution progressive de la concentration de glucides (Green et al. 
1980; Green et al. 1983). La lactation prolongée chez cette espèce offre le potentiel d’observer 
des différences interindividuelles importantes dans la stratégie de reproduction des femelles et 
la qualité des soins maternels.  
 
De plus, le kangourou possède un patron de croissance squelettique indéterminée, c’est-à-dire 
que les individus continuent de grandir pendant la majeure partie de leur vie (Karkach 2006; 
Congdon et al. 2013). Cette caractéristique est d’intérêt pour étudier les compromis entre la 
croissance et la reproduction, puisque rares sont les grands mammifères présentant ce type 
d’ontogénie. Ce patron de croissance occasionne un défi supplémentaire pour mesurer la 
condition corporelle, c’est-à-dire l’énergie accumulée sous forme de réserves corporelles suite 
à l’alimentation, qui renseigne aussi sur son investissement passé et sa capacité d’investissement 
pour le futur, notamment pour la croissance et la reproduction (Peig and Green 2009). En effet, 
comme la masse subit l’effet de la croissance, l’interdépendance des valeurs de masse et de 
tailles corporelles occasionne des biais pour les individus aux extrémités de l’étendue de taille. 
Pour cela, il est pertinent d’utiliser un indice de condition corporelle standardisé, où la mesure 
des réserves tiendra compte de la relation entre la masse corporelle et la taille squelettique, de 
telle sorte que l’indice de condition et la taille squelettique soient indépendants. Pour mon 
modèle d’étude, l’indice relatif de condition corporelle (K) permet adéquatement de représenter 
les réserves corporelles des femelles (Le Cren 1951) tout en étant indépendant de la taille 
squelettique. L’indice est calculé par un rapport entre la masse observée et la masse prédite, 
cette dernière étant estimée par une régression des moindres carrés ordinaires du log de la masse 
corporelle sur le log d’une mesure de longueur corporelle. Ainsi, un indice de condition 
supérieur à 1 indique qu’un individu est en meilleure condition que les autres individus de sa 
population, alors qu’un indice inférieur à 1 suggère que l’individu est en moins bonne condition. 
D’autres indices ont été développés et sont fréquemment utilisés chez les espèces terrestres, tel 
l’indice de masse standardisé («Scaled mass index») ou l’indice résiduel Ri («Residual index») 
     4 
 
(Peig and Green 2010). Néanmoins, ces indices ne parviennent pas à adéquatement tenir compte 
de la croissance indéterminée dans leurs estimations, alors que l’indice relatif n’est pas corrélé 
à taille corporelle des individus.  
 
Les décisions d’allocation entre la croissance et la reproduction 
 
La taille corporelle et l’aptitude phénotypique 
 
La littérature scientifique en écologie animale regorge d’études portant sur la taille corporelle et 
son importance pour l’aptitude phénotypique des individus. Elles attestent d’une forte 
corrélation positive entre la taille corporelle et l’aptitude phénotypique à travers les taxons 
(Olsson et Shine 1996; Festa-Bianchet et al. 1998; Madsen et Shine 2000; Meekan et al. 2006; 
Beauplet et Guinet 2007; MacNulty et al. 2009; Folkvord et al. 2014). En effet, pour bien des 
taxons, la taille, souvent représentée par la masse corporelle, est utilisée tel un proxy pour 
estimer l’aptitude phénotypique d’un individu, puisqu’elle peut être positivement reliée, entre 
autres, à la capacité d’acquérir des ressources (MacNulty et al. 2009; Pérez-Barberia et al. 2015), 
à l’évitement des prédateurs (Meekan et al. 2006), au statut social (McElligott et al. 2001; Hamel 
et al. 2009a; Miller et al. 2010), à la longévité (Bérubé et al. 1999; Gaillard et al. 2000b; Weladji 
et al. 2006), et à la survie (Clutton-Brock et al. 1996; Parker et al. 2009). Chez les femelles, une 
plus grande taille corporelle est souvent fortement associée à un plus grand succès reproducteur 
à travers plusieurs paramètres maternels. En effet, les femelles de grande taille détiennent 
souvent une plus grande fécondité (Green and Rothstein 1991; Choudhury et al. 1996; Sand 
1996; Langvatn et al. 2004), une taille (Olsson et Shine 1996; Lardner et Loman 2003) ou une 
masse de portée (Dobson et Michener 1995; Côté et Festa-Bianchet 2001; Sparkman et al. 2007) 
plus grandes, montrent un plus grand effort reproducteur (Bowen et al. 2001; Crocker et al. 
2001; Lardner and Loman 2003), prodiguent des soins maternels plus longs (Arnbom et al. 
1997; Mellish et al. 1999) ou plus énergétiques (Tardif et al. 2001; Landete-Castillejos et al. 
2005), et bénéficient d’une meilleure survie des juvéniles (Pomeroy et al. 1999; Beauplet et 
Guinet 2007).  
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Il est suggéré que les femelles en meilleure condition ou détenant une plus grande qualité 
phénotypique devraient allouer davantage de ressources à la progéniture qui détient le plus grand 
potentiel d’augmenter leur aptitude phénotypique (Trivers et Willard 1973). Certaines études 
montrent que les femelles de plus grande taille produisent plus de fils que les femelles de plus 
petites taille (Fisher 1999; Le Gall-Payne et al. 2015), et qu’elles prodiguent de meilleurs soins 
maternels aux fils qu’aux filles (Anderson et Fedak 1987; Bovolenta et al. 2013). De plus, les 
femelles de plus grande taille à un âge donné ont grandi et atteint la taille à la maturité plus 
rapidement, et commencent à se reproduire plus tôt dans leur vie (Green and Rothstein 1991; 
Choudhury et al. 1996; Rughetti and Festa-Bianchet 2011). La taille corporelle pourrait indiquer 
la disposition d’une femelle à allouer à la reproduction et une meilleure capacité 
d’investissement (Robert et al. 2010) et d’absorption des compromis liés à la croissance et la 
reproduction.  
 
Néanmoins, être de grande taille n’implique pas de bénéfices illimités. Dans le cas des femelles, 
il semble qu’atteindre une taille ou une masse corporelles minimale leur assure une meilleure 
aptitude phénotypique, notamment par leur performance reproductive (Choudhury et al. 1996; 
Sand 1996; Servanty et al. 2009). En effet, chez les mammifères, les femelles qui tentent de se 
reproduire en-dessous d’un certain seuil de masse corporelle ont souvent moins de succès 
(Hamel et al. 2009a), puisqu’elles subissent des coûts relatifs de reproduction potentiellement 
plus élevés (Tuomi et al. 1983). Par contre, un individu de plus grande taille doit assumer des 
coûts plus élevés, à travers un effort d’alimentation exacerbé pour maintenir une plus grande 
biomasse.  Malgré que les femelles de plus grande taille soient capables d’augmenter l’efficacité 
de transfert énergétique à leur progéniture, si les ressources sont limitées, elles peineront à 
refaire leur réserves pour leur prochaine tentative de reproduction (Pomeroy et al. 1999). Ainsi, 
devoir entretenir une grande masse corporelle tout en ayant une grande performance 
reproductive incombe des coûts de reproduction élevés à la reproduction subséquente et 
potentiellement à la survie d’un individu de grande taille.  
 
 
     6 
 
Les coûts liés à la croissance 
 
On peut s’attendre que les organismes cherchent à maximiser leur taille par une croissance 
rapide, et ce tôt dans leur vie, pour tous les avantages qu’elle peut procurer, notamment en 
termes de succès reproducteur chez les femelles (Stearns et Koella 1986). Les individus 
devraient donc maintenir des taux de croissance maximaux. Cependant, ce n’est pas un 
phénomène typiquement observé en milieu naturel (Dmitriew 2011). En effet, allouer fortement 
à la croissance réduit les ressources disponibles pour d’autres fonctions reliées à l’aptitude 
phénotypiques, telle la reproduction (Lunn et al. 1994; Descamps et al. 2007) et le maintien de 
la protection cellulaire (Smith et al. 2016). Par ailleurs, la croissance rapide peut elle-même 
générer du stress oxydatif (Alonso-Alvarez et al. 2007), et entrainer des répercussions négatives 
à long terme (Metcalfe et Monaghan 2001; Hector et al. 2012). Comme la croissance est un 
processus ontogénique coûteux, les taux de croissance observés résultent entre autres de 
l’optimisation des coûts et les bénéfices de croître rapidement (Dmitriew 2011). Ici, le 
compromis entre la croissance somatique et la reproduction provoque l’émergence d’un conflit 
entre l’âge et la taille à la maturité, où retarder la première reproduction au profit de la croissance 
ou commencer à se reproduire à une taille sous-optimale peuvent tous les deux réduire le succès 
reproducteur à vie d’un individu (Stearns et Koella 1986). Ainsi, à une taille et à un âge donné, 
les organismes font face à des compromis différents entre la croissance et la reproduction 
donnant lieu à des décisions d’allocation variables.  
 
Les trajectoires d’allocation et le rôle de l’environnement 
 
Considérant qu’il existe un avantage pour la reproduction d’être de grande taille, les individus 
plus jeunes et de plus petite taille devraient allouer davantage d’énergie à la croissance 
somatique (Stearns et Koella 1986; West et al. 2001), et une fois une certaine taille atteinte, ils 
devraient diriger leurs ressources vers la reproduction. De la même façon, on s’attend à ce que 
l’allocation à la reproduction augmente avec l’âge (Williams 1966; Beauplet et al. 2006; 
Descamps et al. 2007), en plus de la taille corporelle (Beauplet et Guinet 2007). Pour les 
organismes à croissance déterminée, comme la plupart des mammifères, les compromis 
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d’allocation entre la croissance somatique et la reproduction sont souvent limités aux jeunes 
individus, puisque le chevauchement entre la période de croissance et le début de la reproduction 
occupe une petite fenêtre temporelle. Ceux-ci subiront donc les coûts les plus élevés de ce 
compromis. L’allocation à la reproduction est prédite d’augmenter avec l’âge alors que la 
croissance ralentit (Lunn et al. 1994; Descamps et al. 2007; Simard et al. 2014). Néanmoins, les 
organismes avec une croissance somatique qui persiste bien après l’atteinte de la maturité 
sexuelle (Congdon et al. 2013) feront face à ces décisions d’allocation pendant la majorité de 
leur vie reproductive. Alors qu’on peut s’attendre à ce que l’allocation à la reproduction 
augmente également avec l’âge et la taille corporelle dans un contexte de croissance 
indéterminée, ces organismes devraient adopter une trajectoire d’allocation spécifique à leur 
taille à un âge donné (Stearns et Koella 1986; Heino et Kaitala 1999). 
 
La modulation des trajectoires d’allocation émerge de la grande plasticité des taux de croissance 
(Dmitriew 2011), ces derniers étant fortement influencés par les conditions environnementales. 
En effet, une faible disponibilité des ressources (Wikelski et Thom 2000; Lardner et Loman 
2003; Chaloupka et al. 2004; Zedrosser et al. 2006) ou une forte densité de population 
(Forchhammer et al. 2001; Pettorelli et al. 2002; Marcil-Ferland et al. 2013) peuvent 
hypothéquer la croissance somatique à un âge donné, en affectant négativement la condition 
corporelle des individus. Par ailleurs, d’autres facteurs environnementaux tels la température 
(Blanckenhorn 1999; Otterlei et al. 1999) et les précipitations (Perez-Barberia et al. 1996; 
Servanty et al. 2009) influencent la croissance somatique. Comme les taux de croissance en 
début de vie sont souvent les plus rapides (West et al. 2001), des conditions environnementales 
précoces défavorables à la croissance peuvent avoir des répercussions négatives sur la trajectoire 
d’allocation pour le reste de la vie d’un individu. En effet, ces conditions sous-optimales peuvent 
entrainer l’adoption de stratégies compensatoires coûteuses (Johnsson et Bohlin 2006; Hector 
et al. 2012), et créer des similarités entre les individus ayant vécu un environnement précoce 
similaire (Madsen et Shine 2000; Hamel et al. 2009a). Si ces similarités se maintiennent et 
influencent négativement la performance des individus, les conditions défavorables en début de 
vie ont le potentiel d’affecter la dynamique de population (Sæther 1997). Alors que la grande 
taille corporelle peut refléter la qualité de l’environnement pendant la période de croissance d’un 
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individu, elle indiquerait également la capacité d’acquisition des ressources (Pérez-Barberia et 
al. 2015; Gélin et al. 2016b). Ainsi, un individu qui parvient à maintenir un taux de croissance 
élevé possède une meilleure capacité à acquérir des ressources et les allouer à la croissance, par 
sa prédisposition physiologique ou génotypique (van Noordwijk et de Jong 1986).  
 
L’allocation à la reproduction chez les grands mammifères  
 
Reproduction chez les espèces longévives 
 
Les stratégies de reproduction varient le long d’un continuum de vitesses de vie («life-history 
speed») et les composantes de l’aptitude phénotypique qui sont le plus sensibles aux coûts de la 
reproduction dépendent du rythme de vie d’une espèce (Hamel et al. 2010). Par exemple, pour 
des espèces itéropares ayant une grande espérance de vie, comme les grands herbivores, 
l’aptitude phénotypique est maximisée en misant sur la survie des adultes à travers leurs 
tentatives de reproduction (Gaillard et al. 2000b). Par ailleurs, pour les espèces vivant moins 
longtemps, tels les rongeurs, la clé du succès serait de favoriser la reproduction au détriment de 
la survie (Hamel et al. 2010). Ainsi, pour les grands mammifères herbivores, on s’attend à ce 
que les coûts de la reproduction affectent la prochaine reproduction, au profit de la meilleure 
survie des individus.  
 
En effet, la dynamique de populations de grands herbivores est fortement influencée par la 
stochasticité de leur environnement, et c’est à travers des changements dans l’état nutritionnel 
des femelles que les variations environnementales peuvent affecter ces populations (Sæther 
1997). Ces espèces auraient évolué une stratégie sensible au risque et à l’imprévisibilité des 
conditions, à travers la canalisation environnementale d’un trait. Plus précisément, la variabilité 
en survie des adultes aurait été contre-sélectionnée à travers toute une étendue de conditions 
environnementales (Hamel et al. 2010). Les grands mammifères herbivores possèdent souvent 
une stratégie de reproduction conservatrice (Gaillard et al. 1998), puisque la variance en survie 
des adultes est plus faible que la variance en survie de la progéniture (Martin et Festa-Bianchet 
2010). Ainsi, les individus qui se reproduisent à faible risque pour leur survie vivront 
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probablement plus longtemps et augmenteront leur potentiel de maximiser leur succès 
reproducteur à vie (Weladji et al. 2006; Hayward et al. 2014).  
 
Cette stratégie conservatrice pour les femelles explique en partie la difficulté à détecter des coûts 
de la reproduction chez certaines espèces. En effet, seules les femelles en bonne condition 
corporelle devraient tenter de se reproduire (Festa-Bianchet 1998; Hamel et al. 2009a). Alors, 
la variance en succès reproducteur entre des individus d’une même population peut être 
expliquée par l’ampleur de l’hétérogénéité interindividuelle, notamment dans la capacité 
d’acquérir des ressources et de les allouer à la reproduction (van Noordwijk et de Jong 1986; 
Beauplet et Guinet 2007), mais aussi pour d’autres caractéristiques jouant un rôle pour le succès 
reproducteur, comme l’âge (Beauplet et al. 2006). Les individus de meilleure qualité 
phénotypique pourraient supporter les coûts de la reproduction à un point tel qu’aucun coût ne 
serait véritablement détecté à leur reproduction subséquente (Tuomi et al. 1983; Rughetti et al. 
2015). Cependant, pour les grands herbivores, la variabilité de l’environnement peut moduler 
l’ampleur des coûts de la reproduction : on s’attend à une augmentation de la variance en succès 
reproducteur dans une population vivant des conditions environnementales limitantes (Tuomi 
et al. 1983; Gaillard et al. 2000a; Toïgo et al. 2002). En effet, indépendamment de la densité de 
population, le climat peut affecter la dynamique de population des grands herbivores en agissant 
sur la productivité primaire (Langvatn et al. 1996), affectant ainsi le statut nutritionnel des 
femelles pendant la gestation et l’allaitement (Gaillard et al. 2000a). Par exemple, il est 
répertorié que les précipitations variables à travers les années sont associées avec l’effort 
reproducteur variable des femelles, mesuré à travers leur fécondité et la survie de leurs juvéniles 
(Langvatn et al. 1996; Forchhammer et al. 2001; Parker et al. 2009; Servanty et al. 2009; Simard 
et al. 2014).  
 
Soins parentaux : la lactation 
 
Chez les mammifères, les coûts postnataux de la reproduction sont majoritairement assumés par 
les femelles. En effet, en plus de la gestation, ce sont elles qui prodiguent les soins parentaux 
dont le principal est la lactation (Oftedal 1985). Le lait est la seule source d’énergie des juvéniles 
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au début de leur vie et cette dépendance nutritionnelle prolongée peut occasionner la 
transmission non génétique de similarités entre les mères et leurs jeunes (Maestripieri et Mateo 
2009). En effet, les soins maternels prodigués peuvent être influencés par des caractéristiques 
maternelles (Bowen et al. 2001), et la variabilité de l’effort de lactation peut avoir des 
répercussions sur l’aptitude phénotypique de la progéniture (Pomeroy et al. 1999). Par ailleurs, 
la composition du lait est un trait physiologique de la mère, qui renseigne directement sur 
l’allocation aux soins maternels et l’ampleur de l’hétérogénéité en succès reproducteur entre les 
femelles.  
 
La qualité des soins maternels peut s’expliquer partiellement par l’état nutritionnel de la mère. 
En effet, l’équilibre métabolique peut venir influencer la composition du lait et la capacité 
d’allocation à la reproduction (Parker et al. 2009; Buttchereit et al. 2010). La condition 
maternelle est souvent positivement associée au volume de lait (Mellish et al. 1999; Landete-
Castillejos et al. 2003), à un lait plus riche en lipides ou protéines (Iverson et al. 1993; Crocker 
et al. 2001), à une durée de lactation plus longue (Arnbom et al. 1997; Mellish et al. 1999), et à 
une progéniture de plus grande masse au sevrage (Pomeroy et al. 1999; Bowen et al. 2001). Par 
ailleurs, la qualité de l’environnement et la disponibilité des ressources peuvent influencer la 
composition du lait, et la détérioration des conditions peut avoir des répercussions négatives sur 
les soins reçus. Une restriction alimentaire peut réduire la densité énergétique et le volume du 
lait pour le cerf rouge (Cervus elaphus), le daim (Dama dama), et le babouin (Papio papio) 
(Roberts et al. 1985; Landete-Castillejos et al. 2003; Bovolenta et al. 2013). 
 
En milieu naturel, les ressources disponibles et la phénologie de la reproduction sont 
susceptibles d’influencer la composition du lait (Landete-Castillejos et al. 2001; Skibiel et Hood 
2015). En effet, un stress nutritionnel ou des conditions environnementales variables (Parker et 
al. 2009) peuvent affecter la capacité des mères à prodiguer des soins énergétiques et de bonne 
qualité, en modulant les coûts associés à l’effort de lactation (Cork 1991; Cripps et al. 2011). 
Finalement, les différences interindividuelles dans la composition du lait pourraient être 
expliquées par le sexe du jeune : il peut être adaptatif pour une femelle capable d’allouer 
davantage à la reproduction, de produire un lait plus riche en macronutriments favorables à une 
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meilleure aptitude phénotypique pour un fils que pour une fille, lorsque le succès reproducteur 
des mâles est plus variable que celui des femelles (Trivers et Willard 1973). Déjà, quelques 
études font ressortir une allocation différentielle dans le lait selon le sexe du jeune chez certains 
mammifères, alors que d’autres n’identifient pas de différences. En effet, le lait fourni aux mâles 
peut être plus volumineux (Landete-Castillejos et al. 2005) ou plus concentré en énergie (Powe 
et al. 2010), peut contenir davantage de macronutriments (Fujita et al. 2012; Robert et Braun 
2012), ou alors sa composition peut ressembler à celle du lait produit pour les filles (Hinde et 
al. 2009; Hinde et al. 2014). En somme, l’investigation de la composition du lait est intéressante 
pour explorer les mécanismes proximaux qui influencent la qualité des soins parentaux chez les 
mammifères.  
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CHAPITRE II 
TALLER FEMALES GET AHEAD: SIZE-SPECIFIC FECUNDITY IN WILD 
KANGAROOS SUGGESTS STEEP TRADE-OFF WITH GROWTH 
par 
Louise Quesnel, Wendy J. King, Graeme M. Coulson 
& Marco Festa-Bianchet 
 
Introduction de l’article et contribution des auteurs 
 
Ce chapitre fait l’objet d’un manuscrit soumis à Oecologia le 16 mars 2017. Il porte sur l’étude 
de la croissance squelettique des femelles kangourous gris de l’Est, de façon parallèle à l’étude 
de leur fécondité et succès reproducteur annuels. Pour réaliser ces analyses, nous avons utilisé 
les femelles d’âge connu de la population de Wilsons Promontory National Park, pour étudier 
l’allocation à la croissance et à la reproduction. Peu d’études longitudinales s’effectuent sur des 
mammifères à croissance indéterminée, et ces travaux sont originaux puisqu’ils se concentrent 
sur le compromis persistant entre la croissance et la reproduction chez un grand herbivore. Ainsi, 
notre étude est l’une des rares ayant autant de captures répétées (King et al. 2011) en milieu 
naturel, et s’intéressant à expliquer les décisions d’allocation chez un grand mammifère. De 
plus, elle fournit davantage de connaissances sur l’histoire de vie d’un marsupial, permettant de 
nuancer et de renforcer des hypothèses évolutives majoritairement testées chez les mammifères 
euthériens.  
 
J’ai contribué à deux années sur le terrain en 2014 et 2015, en plus d’avoir effectué toutes les 
analyses statistiques et rédigé ce manuscrit. La Dr Wendy King et le Dr Graeme Coulson ont 
mesuré l’Indice de progression des molaires (MI) et fourni des commentaires constructifs sur le 
manuscrit. Finalement, le Dr. Marco Festa-Bianchet est l’instigateur du projet de suivi à long 
terme de kangourous. Il a fourni son expérience et ses conseils tout au long de la collecte et du 
traitement des données, de même que pour la rédaction de ce chapitre.  
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Abstract  
 
When resources are limited, organisms face allocation conflicts. Indeterminate growth creates a 
persistent conflict between growth and reproduction, as growth may enhance future 
reproduction, but diverts resources from current reproduction. Yet, little is known about the 
allocation trade-offs in long-lived species with indeterminate growth. We studied growth and 
reproduction in adult female eastern grey kangaroos (Macropus giganteus), an iteroparous 
mammal with indeterminate growth. Allocation trajectories varied with age and size: small 
females (5% smaller than average) grew 30% more annually than average-sized females, but 
females that reached average size at an older age had lower growth rates. For younger females, 
larger skeletal size improved fecundity (probability of parturition), from 30% to 82% at age 4 
from shortest to average-sized individuals. Older females maintained high fecundity regardless 
of size. Rainy winters were associated with lower leg growth, but rainy springs increased 
fecundity from 61% to 84% for females that had previously reproduced. Females with a higher 
relative condition index grew more than females of average, whereas most females below 
average condition failed to reproduce. These results highlight a strong age-specific trade-off 
between growth and reproduction. Young females benefit from a larger size, resulting in a 
smaller trade-off between somatic growth and early fecundity than shorter females of the same 
age, but older females appear to favour reproduction over growth regardless of size.  
 
Key words: Allocation, Indeterminate growth, Life history, Macropus giganteus, 
Reproductive success 
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Introduction 
 
Organisms aim to increase their fitness through multiple life-history components, but limited 
resources result in allocation trade-offs between reproduction, growth and survival (Stearns 
1992; Roff 2002). As allocation decisions occur over a lifetime, fitness components may have 
different age-related trajectories. Large body size often confers a fitness advantage, through 
larger litter size (Olsson and Shine 1996; Lardner and Loman 2003) and litter mass (Dobson 
and Michener 1995), higher reproductive success (Sand 1996; Festa-Bianchet et al. 1998; 
Pomeroy et al. 1999), greater maternal care (Landete-Castillejos et al. 2005), higher offspring 
survival (Beauplet and Guinet 2007; Hamel et al. 2009a) and increased longevity (Gaillard et 
al. 2000b).  Therefore, females should aim to be large (Stearns and Koella 1986). Allocation to 
growth, however, diverts resources away from reproduction (Lunn et al. 1994; Dmitriew 2011), 
and allocation to reproduction impedes the achievement of a large body size (Green and 
Rothstein 1991; Helle 2008). Furthermore, rapid growth may generate long-term costs (Metcalfe 
and Monaghan 2001; Alonso-Alvarez et al. 2007), but slow growth may delay age at maturity 
(Allal et al. 2004; Rughetti and Festa-Bianchet 2011), and reduce long-term reproductive 
success (Hayward et al. 2014) or force costly compensatory trajectories (Johnsson and Bohlin 
2006; Marcil-Ferland et al. 2013). Delaying maturity may be advantageous if reaching a larger 
size before reproduction decreases offspring mortality and leads to higher lifetime reproductive 
success compared to organisms maturing earlier and smaller (Stearns and Koella 1986; Lunn et 
al. 1994; Sand 1996). Growth, however, may be compromised by low resource availability 
(Madsen and Shine 2000; Toïgo et al. 2002; Chaloupka et al. 2004), population density 
(Pettorelli et al. 2002), or environmental conditions such as temperature (Blanckenhorn 1999; 
Otterlei et al. 1999) and precipitation (Perez-Barberia et al. 1996; Servanty et al. 2009). The 
early-life environment can have long-term impacts on fitness and on the lifetime allocation 
trajectory of organisms (Sæther 1997; Forchhammer et al. 2001; Hamel et al. 2009a; Marcil-
Ferland et al. 2013). 
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Most long-lived mammals stop growing shortly after sexual maturity (Karkach 2006), therefore 
trade-offs between growth and reproduction are expected to affect only young individuals. 
Hence, the cost of reproduction should be higher for young mammals (Gaillard et al. 2000a; 
Langvatn et al. 2004) and allocation is expected to shift from growth to reproduction as they age 
(Beauplet et al. 2006; Simard et al. 2014). If growth is indeterminate, however, individuals may 
always face allocation trade-offs between growth and reproduction (Heino and Kaitala 1999). 
Moreover, growth trajectories of organisms with indeterminate growth are likely to be 
influenced by environmental factors, such as food availability, throughout their lives (Madsen 
and Shine 2000; Chaloupka et al. 2004). Also, because age and size are positively correlated in 
organisms with indeterminate growth, the expected association between age and reproductive 
success may be simply a consequence of a size advantage (Olsson and Shine 1996), as the largest 
individuals are usually the oldest. If reproductive performance increases with size, then we 
expect a shift in reproductive success towards older age classes (Beauplet et al. 2006; Sparkman 
et al. 2007). Despite these important implications for the evolution of reproductive strategies 
and for population dynamics, no studies have examined the allocation decisions between growth 
and reproduction, and their distinct trajectories, in iteroparous long-lived mammals with 
indeterminate growth, and little is known about the variability in age-specific growth in these 
species.  
 
We examined annual growth and reproductive success in wild female eastern grey kangaroos 
(Macropus giganteus) to understand the lifetime trajectory of allocation to somatic and 
reproductive functions. Kangaroos are large iteroparous herbivores, ecologically similar to 
ungulates (Fisher et al. 2002). They are marsupials, with a very short gestation and a prolonged 
lactation (Tyndale-Biscoe and Janssens 1988). Reproduction in kangaroos is asynchronous 
compared to the highly seasonal reproduction of temperate ungulates (Poole 1975; King and 
Goldizen 2016). Young remain in the pouch for about 10 months, and are weaned at 16-23 
months (Tyndale-Biscoe and Janssens 1988; King and Goldizen 2016). Kangaroos show 
indeterminate skeletal growth over their lifetime (Karkach 2006), making them ideal study 
subjects to tease apart the effects of size, age and environmental factors on allocation decisions 
between growth and reproduction.  
     16 
 
In this study, we first aimed to quantify how adult skeletal growth varied with size and age. We 
then determined how body condition, reproductive effort and environmental conditions affected 
growth. We expected females to grow more if they were in better relative body condition, and 
we predicted that environmental conditions during adult life could persistently affect growth 
rates. Finally, we predicted that annual female growth would be affected by an interaction of 
size and age. Females may allocate less to growth at any given size following maturity, as 
typically seen in organisms with indeterminate growth (Heino and Kaitala 1999; Folkvord et al. 
2014). This would result in distinct size-at-age trajectories. We then examined the relationship 
between reproductive success and skeletal size at different ages, to understand the allocation 
decisions between growth and reproduction, and the relative importance of body size for 
reproduction in the context of indeterminate growth. We expected to find that taller females 
would have higher fecundity and higher offspring survival than shorter females. Because female 
kangaroos are monotocous, however, we expected an asymptotic relationship between size and 
reproductive success, and predicted that taller females would allocate more energy to 
reproduction than to growth. Additionally, we expected allocation decisions to change with age, 
so that for a given size younger females would allocate more to growth and be less likely to 
reproduce than older females, which would prioritize reproduction and increase the proportion 
of resources allocated to this function (Sand 1996; Simard et al. 2014). Therefore, we predicted 
that the positive effect of size on reproductive success would decrease with female age 
(Langvatn et al. 2004). We also tested the differential allocation based on offspring sex and 
predicted lower survival of sons (Clutton-Brock et al. 1985). Finally, we predicted that maternal 
body reserves and favorable environmental conditions would increase reproductive success, 
because like many long-lived organisms, female kangaroos have a conservative reproductive 
strategy (Gélin et al. 2015).  
 
Methods  
 
Study population and data collection 
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We have monitored a kangaroo population since 2008 at Wilsons Promontory National Park, 
Victoria, Australia (38°57’S, 146°17’E). Marked individuals are recaptured annually (Gélin et 
al. 2013) in a grassland surrounding an emergency landing strip (Davis et al. 2008), where 
vegetation consists primarily of grasses, herbs, sedges and ferns (Davis et al. 2010). Between 
2008 and 2016, annual rainfall ranged 518-1018 mm, with 33% of rainfall occurring from June 
to August on average, and with the lowest maximum monthly temperatures (14.8 °C) in July 
(www.bom.gov.au/climate/data; Shallow Inlet (#085163), 38.79° S, 146.18° E; Corner Inlet 
(#085301), 38.63° S, 146.81° E).  
 
To obtain morphometric and reproductive data, adult females were immobilized with Zoletil® 
injected with a pole syringe (King et al. 2011). They were then fitted with a unique combination 
of colored flexible collar and Allflex ear tags (Gélin et al. 2013). Females were weighed to the 
closest 0.25 kg, and their forearm, foot and hind leg (henceforth referred to as leg) lengths 
measured to the nearest 1 mm using a retractable measuring tape. Most measurements (84%) 
were done by the same observer, and from late July to early December each year. In this 
population, more than 75% of pouch young are born between November and February (King 
and Goldizen 2016), such that permanent emergence from the pouch (PEP) (Russell 1989) and 
weaning generally occur in spring and subsequent winter, respectively. We determined 
fecundity at capture, by visual inspection of teats, and checking for the presence of a pouch 
young. Fecundity was scored as a binomial trait (0=No lactation, 1=Lactation). We considered 
that a female had not attempted to reproduce that year if her teats did not show any signs of 
lactation. A female was considered fecund that year if she had an elongated or regressing teat, 
whether the pouch was holding a young at capture or not.  For the few females not recaptured 
in a year, we considered that they had reproduced if a distended pouch was noted during field 
observations. At capture, pouch young were weighed, measured, sexed and, if they weighed at 
least 0.9 kg, marked with colored Leader ear tags (Leader Products Pty Ltd, Craigieburn, 
Australia). Pouch young were between 6 and 10 months of age and categorized as a large pouch 
young (LPY) (Jaremovic and Croft 1991). Age of pouch young was estimated from skeletal 
measurements using sex-specific growth models based on known-age individuals (Poole et al. 
1982).  
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Following capture, mother-young pairs were monitored almost daily from August to December. 
Date of PEP was recorded for all marked young surviving to that stage. We monitored their 
survival until early summer (December), and located them again at the end of the following 
winter (August). If they reached 18 months of age, we recorded them as having been weaned 
(Poole 1975).  
 
Other maternal characteristics were documented, such as age and relative body condition. Age 
was known if the female had first been captured in the pouch or weighing less than 15 kg (aged 
l year). For females first caught as adults that were found dead, age at death was estimated by 
retrieving the skull and measuring the Molar Index, based on the anterior progression of the 
upper molars with age, with the limits of the 95% confidence interval surrounding 16% of the 
estimate (Kirkpatrick 1965). Their age was then retroactively calculated to when they were first 
marked. Relative body condition was the ratio of body mass to mass predicted by an OLS 
regression of log mass on log leg length (Le Cren 1951). This condition index is independent of 
skeletal size (see results), making it appropriate for organisms with indeterminate growth, and 
represents the nutritional state of a female through the relative amount of energy stores (Peig 
and Green 2009). We calculated relative body condition using leg length because it best 
represented skeletal size and accounted for high variability between females. In a principal 
component analysis including leg, forearm and foot measurements, leg length had a component 
loading of 51.8% on the first principal component which explained 94.9% of variability in 
female body size. To represent inter-annual variability in environmental conditions during a 
growth interval or a reproductive attempt throughout the study (2008–2016), we used rainfall 
data from the Australian Bureau of Meteorology’s Shallow Inlet station because it was the 
closest to the study area (17.5 km).  We studied rainfall data to consider a density-independent 
environmental effect that is linked to primary productivity and thus, known to influence 
population dynamics of large herbivores through the physical condition of breeding females 
(Gaillard et al. 2000a; Forchhammer et al. 2001). 
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Statistical analyses 
 
The pattern of indeterminate growth was investigated through annual changes in size using 
measurements between two consecutive captures. With the difference in leg length (mm) 
between two captures, we adjusted annual growth to a 365-day interval for all females. Average 
capture interval was 355 days (SD = 56 days) and 195 of 237 captures occurred from late winter 
to early spring (mean = 27 August, SD = 36 days). A model set of 20 linear-mixed candidate 
models was formulated to explain annual leg growth, with female age, leg length, relative body 
condition and reproductive status (LPY or not) at initial capture of the growth interval as 
explanatory variables (ESM; Table S1). Rainfall during the winter (June to August) prior to the 
growth interval was included as an environmental variable, representing climatic conditions 
right before the measured growth increment. The allocation trajectory was tested using an 
interaction between age and leg length. We also tested for interactions between reproductive 
status and both winter rainfall and age. 
 
Reproductive effort and success were studied by determining the probability of fecundity as 
well as the probability of a juvenile surviving to two stages: PEP (10 months) and weaning (18 
months). The explanatory variables considered for all three stages tested were four maternal 
traits: age, leg length, relative body condition, and previous reproductive status (LPY in 
previous year or not) to account for possible costs of previous reproduction on current attempt 
(Pomeroy et al. 1999; Hamel et al. 2009a). Rainfall during the season prior to when the 
developmental stage occurred was included in each model set (Table 1), to evaluate the relative 
importance of environmental conditions at each stage. The age-size allocation trajectory was 
tested with an interaction, and we also considered that leg length, age and total rainfall might 
moderate the effect of previous reproductive status on current reproduction. We considered the 
possibility of sex-differential survival and compared annual juvenile sex ratio of the entire 
marked population with that of known-aged females to check for a possible sample bias. We 
compared 20 generalized linear-mixed logistic regressions, investigating the three reproduction 
stages separately through three model sets (ESM; Tables S2-S3).  
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Using an information-theoretic approach, we evaluated the relative support of biological 
hypotheses that could explain skeletal growth, fecundity, PEP and weaning success (Burnham 
and Anderson 2002), with a total of four candidate sets. With multiple competing models, we 
selected the scenario that best described our data. Based on the second-order Akaike’s 
Information Criterion (AICc) (Burnham and Anderson 2002), model selection was done for the 
four candidate sets and the relative strength of evidence for each candidate model was 
established. We ranked the models by Δi values relative to the model with the lowest AICc. 
Akaike weights (wi) and evidence ratios were computed for each model, wi indicating the 
probability that a model was the best among all those considered in the set, and evidence ratios 
being the ratio of wi of the best model to the wi of the next-best model (Burnham and Anderson 
2002). Models with wi ≥ 0.05 were considered to have support. Following model selection, if 
more than one model were within a Δi value of two, they could equally explain the data and 
generate model selection uncertainty. Under these circumstances, we calculated model-averaged 
parameter estimates (Burnham and Anderson 2002). This step was also performed if no model 
had a wi > 0.9. Model-averaged estimates for variables that best described leg growth, fecundity 
and juvenile survival had 95% confidence intervals that did not overlap zero, which were 
computed using the unconditional standard error (Burnham et al. 2011). 
 
All model-averaged parameters were obtained from regressions fit to rescaled variables, by 
dividing each centered numeric variable by two times the standard deviation (μ=0, SD=0.5), as 
it is best practice to directly compare the magnitude of coefficients (Gelman 2008). The 
Pearson’s product-moment correlation coefficient rp was calculated between age, leg length and 
relative body condition to assess the strength of association between these variables. Female 
identity was always included in models as a random factor to account for repeated measurements 
of the same individual. The significance of the year of capture as a random factor was tested 
using a log-likelihood ratio test. We used R version 3.2.5 (R Core Team 2015), and the lmer and 
glmer functions from the lme4 package (Bates et al. 2015). To obtain AICc values, perform 
model averaging and estimate model parameters, we used the aictab and modavg functions in 
the AICcmodavg package (Mazerolle 2006; Burnham et al. 2011) 
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Results  
 
Model selection 
 
Adult females had an average leg length of 520 mm ± 22 mm (mean ± 1 SD) (Fig 1a, range: 
456-569) and weighed 26.25 ± 3.25 kg (range: 18-34).  Their relative body condition index 
ranged 0.93-1.07 (SD = 0.02), and varied significantly among years (F = 10.24, df = 7, P < 
0.001), but was not correlated with age (rp = 0.11, df = 246, P = 0.09). Although leg length and 
body mass were highly correlated (rp = 0.78, df = 246, P < 0.001), the relative body condition 
index was independent of leg length (rp = 0.02, df = 246, P = 0.8).  
 
Our dataset spanned eight years (2008-2016) and included 325 captures of females aged 3-20 
years (Fig. 1a), providing 233 growth intervals from 79 individuals (Fig. 1b). Recorded changes 
in leg length over 365 days declined from 20.2 ± 9.1 mm for females aged 3 years to 3.1 ± 4.7 
mm for females aged 12 and older (Fig. 1a). At capture, 69% of females (160/233) showed signs 
of lactation. Winter rainfall prior to the growth interval averaged 279 ± 73 mm (range: 144-
400). Final models of growth did not include year of capture as a random variable, because it 
did not improve the global model fit (Log-likelihood ratio test: Χ2 = 2.94, P = 0.09). A total of 
309 captures from females aged 3-20 years were used to analyze fecundity. To investigate the 
probability of PEP, we used a subset of 212 captures of 88 females that had shown evidence of 
lactation. Of those, 70 juveniles from 47 mothers survived to PEP and were used to analyze the 
probability of weaning success. Rainfall during the season prior to the reproductive stage (Table 
1) tested differed among years (Fecundity: F = 149, df = 7, P < 0.001; PEP: F = 192, df = 7, P 
< 0.001; Weaning: F = 607, df = 7, P < 0.001). We included year as a random factor in the model 
set explaining the probability of PEP, as it significantly improved the global model fit, but it did 
not improve the fit for the two other stages tested (Log-likelihood ratio tests; Fecundity: Χ2 
=0.08, P=0.79; PEP: Χ2=26.34, P < 0.0001; Weaning: Χ2 =1.31, P=0.25).  
 
In all four model selections performed, no candidate model stood out as having substantially 
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Table 1. Seasonal rainfall variables that were compared to three stages of eastern grey kangaroo 
reproduction at Wilsons Promontory National Park, Victoria, Australia. Rainfall data were 
available from the Australian Bureau of Meteorology repository, from the Shallow Inlet station.  
‘t’ refers to the year. 
 
 
 
 
 
Stage of reproductive 
attempt (available data for 
that stage) 
Precipitation 
data 
Period mean ± SD Min-max 
Evidence of lactation 
(n=309) 
Total rainfall 
(mm) during 
spring prior 
to breeding 
season 
September-November (t) 
224.5 ± 
65.5 
145-322 
 
Permanent emergence 
from the pouch (PEP)              
(10 months, n=212) 
 
Total rainfall 
(mm) during 
winter of 
pouch life  
June-August (t+1) 
277.1 ± 
70.5 
144-400 
 
Weaning (18 months, 
n=70) 
Total rainfall 
(mm) during 
autumn 
following 
PEP 
March-May (t+2) 
279.5 ± 
79.9 
137-360 
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greater support, because at least another model was within two AICc units of the best model 
(Tables 2 & 3). As more than one model could describe the data, multi-model inference was 
performed to estimate effect sizes.  
 
Age, body size and skeletal growth 
 
Leg growth was mostly determined by the leg length at the beginning of the growth interval 
(model-averaged β, -11.9; 95% CI, -14.6 to -9.3), but this effect was moderated by age (Fig. 2; 
Age × Leg length, model-averaged β, 9.1; 95% CI, 5.3 -12.9). At the average age of 8 years, 
females that were one standard deviation (22 mm) shorter than average grew 57% more (10.8 
mm·year-1) than the average-sized female growth of 6.9 mm·year-1. Moreover, average-sized 
females aged 4 grew more than twice as much (10 mm·year-1) as average-sized females aged 12 
(3.8 mm·year-1). Relative body condition was positively correlated with leg growth; females 
whose body condition was one standard deviation above average grew 3.2 mm more per year 
compared to females of average condition (95% CI, 1.3-5.2). Additionally, winter rainfall prior 
to the growth interval reduced leg growth, which was 2 mm lower for every additional standard 
deviation of rainfall (73 mm) between June and August (95% CI, -3.6 to -0.3). While the effect 
of female reproductive status was not different from zero (model-averaged β, -2.4; 95% CI, -4.3 
to 0.1), age modulated this effect (Age × Reproductive status, model-averaged β, 3.8; 95% CI, 
0.3-7.4) such that reproductive status reduced leg growth for females younger than 9 years, and 
affected the youngest females most: at age 4, breeding females grew 3.4-mm·year-1 less than 
non-breeding females; this difference was reduced to 1.7-mm·year-1 at age 7.  
 
Fecundity, juvenile survival, body size and rainfall 
 
There was no significant yearly variability in the proportion of females that attempted to 
reproduce (Fig 3a, ANOVA: F = 1.32, df = 8, P = 0.26), but there were significant differences 
for successful PEP (Fig 3b, ANOVA: F = 411, df = 1, P < 0.001) and weaning (Fig 3c, ANOVA: 
F = 283, df = 1, P < 0.001).  
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Figure 1. a) Age-specific hind leg length and annual growth (mm) with standard deviations for 
eastern grey kangaroo females monitored at the Wilsons Promontory National Park, Victoria, 
Australia, from 2008 to 2016, b) Number of adult females whose age was determined at first 
capture as pouch young or subadult (open bars) or reconstructed from the molar progression 
index after they were recovered dead (grey bars). 
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Table 2. Model selection for the effects of leg length, age, relative body condition, reproductive 
status and winter rainfall on annual leg growth (mm) of female kangaroos (n=79). 
 
 
aK, number of estimated parameters (with intercept and error terms); AICc = Akaike’s second-
order Information Criterion; Δi, difference between model AICc and the lowest AICc in the 
model set; wi, Akaike model weight; Evidence ratio, ratio of wi of the best model to the wi of 
the subsequent models. Models are ranked in descending order of support, and 17 models with 
weak support (wi < 0.05) are omitted from the table, but are listed in Appendix 1 of the 
supplementary material. Abbreviations: Age indicates female age at capture; Size, initial hind 
leg length (mm); RS, reproductive status at initial capture; Cond, initial relative body condition; 
Rain, total winter rainfall prior to growth. 
 
 
 
 
 
 
 
 
 
Modela K AICc Δi wi Evidence ratio 
Age+Size+Cond+RS+Rain+Age × 
Size+Age × RS 
10 1543.13 0.00 0.64  
Age+Size+Cond+RS+Rain+Age × 
Size+Age × RS+RS × Rain 
11 1545.12 1.99 0.23 2.8 
Age+Size+Cond+RS+Rain+Age × 
Size+RS × Rain 
10 1547. 34 4.21 0.08  8.0 
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Table 3. Model selection for the effects of leg length, age, relative body condition, previous 
reproductive status and seasonal rainfall on the probability of attempting a reproduction, PEP 
and weaning success for female kangaroos. 
 
 
Modela K AICc Δi wi Evidence ratio 
Fecundity for all females (n=309)      
Age+Size+pRS+Cond+Rain+Age × 
Size+pRS × Rain 
9 329.21 0.00 0.56  
Age+Size+pRS+Cond+Rain+Age × Size 8 331.12 1.91 0.22 2.5 
Age+Size+pRS+Cond+Rain+Age × 
Size+Age × pRS 
9 332.85 3.64 0.09 6.2 
Age+Size+pRS+Cond+Rain+Age × 
Size+Size × pRS 
9 333.19 3.98 0.08 7.0 
Permanent pouch emergence for young of 
females that produced a young (n=212) 
     
Cond 4 195.39 0.00 0.60  
Cond + pRS 5 196.96 1.57 0.27 2.2 
Survival to weaning following pouch 
emergence (n=70) 
     
pRS+Rain+pRS × Rain 5 96.16 0.00 0.27  
Cond 3 97.71 1.56 0.12 2.3 
pRS 3 98.27 2.11 0.09 3.0 
1|ID 4 98.40 2.24 0.09 3.0 
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Rain 2 98.60 2.44 0.08 3.4 
Cond + pRS 3 98.81 2.65 0.07 3.9 
aK, number of estimated parameters (with intercept and error terms); AICc = Akaike’s second-
order Information Criterion; Δi, difference between model AICc and the lowest AICc in the 
model set; wi, Akaike model weight; Evidence ratio, ratio of wi of the best model to the wi of 
the subsequent models. Models are ranked in descending order of support, and models with 
weak support (wi < 0.05) are omitted from the table, but are listed in Appendix 1 of the 
supplementary material. Abbreviations: Age indicates female age at capture; Size, initial hind 
leg length (mm); pRS, previous reproductive status; Cond, initial relative body condition; Rain, 
total rainfall during the season (three months) prior to the reproductive stage tested, 1|ID, 
maternal identity included as a random intercept.  
 
The probability of fecundity increased with leg length (model-averaged β, 1.7; 95% CI, 0.8-
2.6), although this effect was strongly modulated by age, being more important for younger 
adult females (Fig. 4a, model-averaged β, -2.1; 95% CI, -3.6 to -0.6). Relative body condition 
increased fecundity (Fig. 4b, model-averaged β, 1.7; 95% CI, 0.9-2.5). Finally, fecundity was 
affected by an interaction between rainfall prior to conception (model-averaged β, 0.4; 95% CI, 
-0.1 to 1.0) and previous reproductive status (model-averaged β, -0.7; 95% CI, -1.4 to 0.1), such 
that spring precipitation had a positive effect on fecundity but only for females that had had an 
LPY the previous year (Fig. 4c, model-averaged β, 1.2; 95% CI, 0.02-2.4).  
 
Sex of the pouch young was known for 62% (131/212) of reproductive attempts of known-aged 
females, compared to 76% (471/616) of all marked females. The proportion of males did not 
differ between the two subsets (all females: 252/471 (53.5%), known-age: 65/131 (49.6%); Χ2 
= 0.18, df = 1, P = 0.67). Model selection and model averaging for known-aged females with 
known-sex pouch young suggested no effect of sex on survival to PEP (model-averaged β, 0.6; 
95% CI, -0.3 to 1.5) or to weaning (model-averaged β, -0.2; 95% CI, -1.2 to 0.9). Therefore, to 
increase sample size, our final model sets did not include sex of young.   
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Figure 2. Model-averaged effect of age as a function of initial body size on the annual growth 
increment (mm) of the hind leg in female kangaroos at the Wilsons Promontory National Park, 
Victoria, Australia, from 2008 to 2016. Estimates for average leg length ± 1 SD are shown by 
lines, and 95% unconditional CIs are represented by darkened bands. Raw data are represented 
by dots (0=8 years). 
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Figure 3. a) Number of marked female kangaroos aged 3 years and older that did (grey bars) 
and did not (white bars) attempt to reproduce at Wilsons Promontory National Park, Victoria, 
Australia each year from 2008 to 2015. For females that reproduced, grey bars show b) number 
of females whose young survived to permanent emergence from the pouch and c) to weaning. 
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Relative body condition was a strong predictor of survival to PEP (Fig. 4d; model-averaged β, 
2.0; 95% CI, 0.6-3.4). However, neither rainfall (model-averaged β, 0.7; 95% CI, -2.5 to 3.9), 
previous reproductive status (model-averaged β, 0.3; 95% CI, -0.5 to 1.1), leg size alone (model-
averaged β, 0.6; 95% CI, -0.4 to 1.6) or in interaction with age (model-averaged β, -0.9; 95% 
CI, -2.7 to 0.9) yielded effects different from zero. 
 
Following PEP, relative body condition was no longer related to juvenile survival (model-
averaged β, 1.0; 95% CI, -0.2 to 2.3), and neither leg length (model-averaged β, 0; 95% CI, -1.9 
to 1.9), maternal age (model-averaged β, -0.1; 95% CI, -1.3 to 1.1), rainfall during first autumn 
outside the pouch (model-averaged β, -1.4; 95% CI, -2.6 to 0.3), previous reproductive status 
(model-averaged β, 0.8; 95% CI, -0.4 to 2.1), or interactions between these terms significantly 
explained survival to weaning (Age × Leg: model-averaged β, -0.1; 95% CI, -3.8 to 1.8; Age × 
Previous reproductive status: model-averaged β, 0.4; 95% CI, -1.8 to 2.5; Rain × Previous 
reproductive status: model-averaged β, 1.7; 95% CI, -1.0 to 4.4).  
 
Discussion 
 
Annual growth rates of female eastern grey kangaroos were mostly explained by their age and 
size, although annual differences in winter rainfall and interindividual variation in body 
condition also explained variability in individual growth. Environmental conditions and habitat 
quality can influence the indeterminate ontogenetic pattern of adult kangaroos, with a greater 
impact during early development when growth is faster. Reproductive effort reduced growth for 
young females, but older females had similar but lower growth rates whether they bred or not, 
suggesting trade-offs between these two life-history components (Green and Rothstein 1991; 
Folkvord et al. 2014), but also a flexible age-dependent allocation rule between growth and 
reproduction (Heino and Kaitala 1999; Lardner and Loman 2003). Indeed, young and short 
females were less likely to be fecund possibly because they faced the highest costs of growth, 
but being short later in life did not affect fecundity as much, suggesting older females 
preferentially allocated to reproduction, regardless of their size. Cost of reproduction were 
     31 
 
 
 
 
Figure 4. Model-averaged effects of maternal and environmental variables on reproductive 
performance in female kangaroos at Wilsons Promontory National Park, Victoria, Australia, 
from 2008 to 2015. Estimates are shown by lines, and 95% CIs are represented by darkened 
bands. Raw data are represented by dots. a) Effect of scaled leg length as a function of female 
age (lines represent estimates for four ages across known-age sample) on the probability of 
fecundity. b) Effect of scaled maternal relative condition on the probability of fecundity.               
c) Effect of scaled spring rainfall as a function of previous reproductive status on the probability 
of fecundity. LPY = large pouch young.  d) Effect of scaled maternal relative condition on the 
probability of PEP.  
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detected, but only for fecundity and during harsher environmental conditions, confirming that 
reproductive costs fluctuate in variable environments (Tuomi et al. 1983; Servanty et al. 2009). 
Survival to PEP was strongly affected by maternal condition, but survival from PEP to weaning 
was not significantly associated with any variable we investigated.   
 
With longitudinal monitoring of known-aged adult female kangaroos, we quantified their 
indeterminate skeletal growth pattern and identified some of its endogenous and exogenous 
determinants. Previous work on the same population found increased allocation to somatic 
functions for smaller females (Gélin et al. 2016b), supporting a pattern of size-dependent growth 
common in most organisms, and likely due to larger individuals reducing allocation to growth 
because of higher biomass maintenance costs (Pomeroy et al. 1999; West et al. 2001; Lardner 
and Loman 2003). Thus, as expected, females that were 20 mm shorter than average (one 
standard deviation) grew 30% more than females of average leg length. This size-dependent 
skeletal growth trajectory was, however, considerably influenced by age. Females that reached 
average size at an older age had lower annual growth. This age-modulated ontogenetic growth 
pattern of adult females suggests that growth is a higher priority for young females, as expected 
with indeterminate growth (Folkvord et al. 2014). It also suggests that growth may be costlier 
for older females. Growth diverts energy from metabolic maintenance, including antioxidant 
protection (Alonso-Alvarez et al. 2007), but indeterminate growth results in prolonged elevated 
cellular activity that may also be responsible for oxidative stress. As oxidative damage 
accumulates, its costs may become more apparent through decreased growth of older individuals 
(Metcalfe and Monaghan 2001; Smith et al. 2016). In our population, taller and older individuals 
grew the least, and it is possible that oxidative stress may constrain future growth because older 
females did not maintain the same growth rates as their younger same-sized conspecifics.  
 
Being short as a young adult resulted in greater allocation to growth during the female’s 
subsequent lifetime, with shorter females growing more than taller ones at any given age. 
Marcil-Ferland et al. (2013) found that in bighorn sheep (Ovis canadensis), females that had 
experienced poor early conditions prolonged their growth as a strategy to compensate for their 
initial size deficit. It is likely that size differences between kangaroos resulted at least partly 
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from poor conditions during early ontogeny, which were maintained throughout their lifetime 
(Madsen and Shine 2000; Hamel et al. 2009b). This study found that adult growth rates were 
still affected by climatic factors: winter rainfall appeared to reduce subsequent leg growth. 
Indeed, shorter female kangaroos could have survived harsher early conditions or low resource 
availability, and consequently have reduced early somatic growth (Sæther 1997; Pettorelli et al. 
2002). Winter rain likely increased thermoregulatory costs (Parker et al. 2009), reducing the 
proportion of resources available for growth.  
 
Interindividual variation in relative body condition also explained differences in growth 
increments. Females in better condition had higher leg growth in the following year than females 
in poor condition, after accounting for age, size and inter-annual environmental differences. A 
greater amount of acquired resources allows more energy to be allocated to various functions, 
and variable resource acquisition may partly account for changes in allocation to somatic 
functions (van Noordwijk and de Jong 1986; Parker et al. 2009). In the same population, females 
that had faster bite rates also had higher subsequent mass gain (Gélin et al. 2016a), suggesting 
heterogeneity in ability to acquire resources. Skeletal growth may be a reliable index of resource 
acquisition and be associated to other fitness-related traits (Beauplet and Guinet 2007; Gélin et 
al. 2016b).  
 
Growth rates of older females appeared independent of reproductive status, but growth of 
younger females decreased by up to 34% if they reproduced, suggesting a short-term allocation 
trade-off between growth and reproduction for females with the steepest growth rates. Other 
studies have identified either no trade-off between growth and reproduction during the same 
period (Lardner and Loman 2003), trade-offs between these traits (Green and Rothstein 1991; 
Folkvord et al. 2014), or positive long-term correlations of reproduction with leg growth in 
kangaroos, without accounting for age (Gélin et al. 2016b). This last study, however, showed 
that contracepted females gained more mass and grew more than females that could reproduce. 
Our results suggest an age-specific trade-off between growth and reproduction, after accounting 
for individual heterogeneity (van Noordwijk and de Jong 1986; Heino and Kaitala 1999). 
Further investigation is needed to understand why older females apparently do not face this 
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trade-off. Growth increments of older females are small, however, limiting our power to detect 
differences in this age group.  
 
Fecundity remained high and stable across all years. However, yearly juvenile survival to both 
PEP (10 months) and weaning (18 months) fluctuated substantially. In the year with lowest 
success, only 1% of females (1/97) successfully carried their young until PEP, compared to 87% 
(55/63) in a high-success year. The variation between years was partly explained through 
maternal relative condition. Indeed, a female’s body reserves were a strong predictor for both 
fecundity and offspring survival to PEP. In kangaroos, gestation is very short and its costs are 
negligible compared to the costs of lactation (Tyndale-Biscoe and Janssens 1988; Cripps et al. 
2011). Accordingly, we found that maternal condition was most important in mid lactation: 
lactating females that were one standard deviation below average relative condition all failed 
that reproductive attempt, while young born to females with the highest relative condition index 
had a 75% probability of PEP.  This suggests that lactating kangaroos need to maintain a certain 
condition to sustain the costs of reproduction (Tuomi et al. 1983; Servanty et al. 2009). Indeed, 
females must carry their young, which can weigh up to one quarter of maternal mass by the end 
of pouch life, and supply milk simultaneously (Poole et al. 1982; Tyndale-Biscoe and Janssens 
1988). In long-lived mammals such as large herbivores, females adopt a conservative 
reproductive strategy (Gaillard et al. 1998; Gélin et al. 2015; Rughetti et al. 2015), favouring 
their own survival and transferring the cost of reproduction to their young (Martin and Festa-
Bianchet 2010). Among marsupial herbivores, maternal condition has been linked to juvenile 
survival in the agile wallaby (Macropus agilis) (Bolton et al. 1982), and in our study population 
low forage production was associated with lower maternal condition and lower milk energy 
content at mid lactation (Quesnel et al. 2017) . Kangaroos are partly income breeders (Gélin et 
al. 2016b), and experience highly variable environmental conditions. Our results suggest that 
most females attempted to reproduce because gestation involves negligible energy costs, but 
after parturition they allocated energy following an optimal strategy (Gaillard et al. 2000a), so 
that females in poor condition terminated their reproductive attempt, probably to favor their own 
survival.  
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Our results reveal that fecundity followed an age- and size-specific trajectory. After accounting 
for body condition, taller females were more fecund, at any age except for very old females, 
highlighting the importance of skeletal size for kangaroo reproduction. Although 83% of 
average-sized females aged 8 years attempted a reproduction, those that were shorter by one or 
two standard deviations (SD = 22 mm) were respectively 10% and 25% less likely to reproduce. 
Additionally, this size effect was strongest for younger females. In female moose (Alces alces) 
(Sand 1996) and red deer (Cervus elaphus) (Langvatn et al. 2004), increases in mass had 
stronger positive effects on the probability of ovulation in younger individuals. Also, heavier 
young female bison (Bison bison) calved earlier than lighter females (Green and Rothstein 
1991), and female chamois (Rupicapra rupicapra) with high early horn growth achieved higher 
pre-reproductive mass and attained primiparity at a younger age than females with slower early 
horn growth (Rughetti and Festa-Bianchet 2011). Our results suggest that in the context of 
indeterminate growth age-specific size is also of paramount importance in determining age-
specific allocation decisions. Because annual growth in female kangaroos is mostly explained 
by size, the fecundity advantage of being taller may mostly involve a reduced need for allocation 
to skeletal growth and thus, more resources for reproduction (Lunn et al. 1994; Festa-Bianchet 
et al. 1998; Simard et al. 2014). Additionally, as fecundity increases with size, selection may 
favour a delay in allocation to reproduction until a threshold size has been reached (Heino and 
Kaitala 1999; Dmitriew 2011; Simard et al. 2014). Thus, females that enjoy favorable early life 
conditions may benefit from a longer reproductive lifespan because their initially greater size 
gives them a head start and permanent advantage over smaller females (Madsen and Shine 
2000). Other studies reported that early reproduction increased reproductive lifespan and was 
positively correlated with later reproductive success (Green and Rothstein 1991; Hayward et al. 
2014), pointing out that early growth rates may be related to phenotypic quality. At this point, 
most females from our sample with known age and pre-reproductive growth are still alive, 
therefore we cannot yet investigate the effect of rapid early growth on lifetime reproductive 
success.  
 
The marked size effect on fecundity decreased with increasing age, suggesting that the optimal 
allocation changed from growth to reproduction as females aged, as predicted for organisms 
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with indeterminate growth (Heino and Kaitala 1999; Folkvord et al. 2014).  Alternatively, the 
greater experience or better foraging skills of older females may allow greater reproductive 
success despite a smaller size (Lunn et al. 1994).  
 
We did not find sex effects on survival to PEP or to weaning, despite the prediction that sons 
should be more affected by a poor environment or lower maternal care in sexually dimorphic 
mammals (Clutton-Brock et al. 1985). Our sample of known-sex juveniles, however, included 
mostly young that had survived until capture as LPY, thus we could not account for early 
mortality. In addition, only mothers in good condition successfully brought their young to PEP. 
In this population, heavier mothers tend to produce sons (Le Gall-Payne et al. 2015), potentially 
contributing to an apparent lack of sex bias in juvenile survival, as more sons may be nursed by 
females with a higher ability to absorb the negative effects of a bad environment. Similarly, 
surviving to weaning appeared independent of all the maternal variables we examined, despite 
the extended period of maternal care. Other factors are likely responsible for the highly variable 
weaning success between years (King et al., In press), suggesting a considerable importance of 
environmental stochasticity, including weather and predation (Banks et al. 2000; King and 
Goldizen 2016).  
 
In conclusion, we identified a trade-off between skeletal growth and reproduction, with the 
highest reproductive costs of somatic growth occurring for the youngest and shortest females. 
We suggest that strong cohort effects are likely to explain differences in age-specific 
reproductive effort, as early-life conditions may have long-term consequences on future age-
specific growth rates of female kangaroos. This would result in females with rapid early growth 
starting to reproduce earlier and possibly maintaining that advantage over the lifetime. A test of 
this hypothesis will require continued monitoring of known-aged individuals.  
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Introduction de l’article et contribution des auteurs 
 
La lactation caractérise les soins parentaux des mammifères, dont les coûts sont presque 
totalement assumés par la femelle suivant la naissance. Ainsi, la dépendance des jeunes aux 
soins maternels postnataux fait de la lactation un trait physiologique de la mère pouvant 
influencer l’aptitude phénotypique de sa progéniture (Maestripieri and Mateo 2009). Il est 
difficile d’obtenir de l’information sur l’allocation à la lactation en milieu naturel, et plusieurs 
questions se posent toujours au sujet de l’effet des conditions environnementales, du phénotype 
maternel et de celui de la progéniture sur la composition du lait. De plus, alors que le cycle de 
lactation chez les Marsupiaux est largement étudié et décrit en milieu expérimental, il reste 
encore à faire le pont entre la physiologie et l’écologie des Marsupiaux, pour lesquels il existe 
peu de données sur la stratégie de lactation en milieu naturel.  
 
J’ai eu l’idée d’explorer la variabilité en composition du lait chez le kangourou gris de l’Est, en 
tirant profit du suivi d’une population d’individus marqués et recapturés régulièrement. J’ai 
échantillonné le lait, avec l’aide d’Allison MacKay et du Dr. Marco Festa-Bianchet. Allison 
MacKay a ensuite assisté aux analyses au laboratoire et à la rédaction. Le Dr. Kevin Nicholas a 
contribué son expertise sur la physiologie de la lactation, et le Dr. Dave Forsyth a effectué 
l’échantillonnage et fourni les données de productivité végétale, et participé à la rédaction. 
Finalement, le Dr. Marco Festa-Bianchet a participé à l’interprétation des données et offert ses 
suggestions pendant la rédaction.  
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Abstract 
 
The main component of mammalian maternal care is milk production. The composition of milk 
has been hypothesised to determine offspring survival, and to vary with offspring sex. Few 
studies, however, have examined variation in milk composition of wild mammals in seasonal 
environments, where environmental conditions can impact the ability of mothers to provide 
care. We investigated individual differences in milk composition and offspring survival in wild 
eastern grey kangaroos (Macropus giganteus). We analyzed total protein and lipid 
concentrations in 103 milk samples from 91 females over two years. In a year of low forage 
production, the few females that lactated were in poorer condition and produced milk of lower 
energy content compared to females lactating in a year of high forage production. Females 
nursing in late winter produced milk with more lipids compared to females at the same stage of 
lactation in late spring, whose milk had a higher proportion of protein. The milk of larger 
females contained more protein than lipid, and females in better condition allocated higher 
proportions of protein to sons than to daughters. Increased protein concentration in milk was 
correlated with male offspring longevity only. A seasonally-modulated lactation strategy 
enables the adjustment of milk composition to available resources. Condition-specific protein 
allocation in favour of sons for mothers of higher caring ability suggests adaptive sex-biased 
maternal care in this highly sexually dimorphic mammal. 
 
Key words: Lactation, Macropus giganteus, Maternal effects, Multimodel inference, Timing of 
reproduction, Trivers-Willard Hypothesis  
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Introduction 
 
Lactation is the most costly component of maternal care in mammals (Oftedal 1985), and the 
prolonged dependence of offspring on milk results in ubiquitous maternal effects (Maestripieri 
and Mateo 2009) with consequences for evolutionary and population ecology. Maternal traits 
(Georges and Guinet 2000; Bowen et al. 2001) and differential care for sons and daughters 
(Landete-Castillejos et al. 2005; Robert and Braun 2012) may contribute to variability in milk 
provisioning. Milk composition is correlated with maternal condition in pinnipeds (Iverson et 
al. 1993; Crocker et al. 2001), primates (Nommsen et al. 1991; Tardif et al. 2001), and ungulates 
(Landete-Castillejos et al. 2005; Bovolenta et al. 2013), but not in tammar wallabies (Macropus 
eugenii) or Columbian ground squirrels (Urocitellus columbianus) (Robert and Braun 2012; 
Skibiel and Hood 2015). Moreover, differences in milk provisioning affect offspring size 
(Mellish et al. 1999; Landete-Castillejos et al. 2001; Robert and Braun 2012) and survival 
(Skibiel and Hood 2015).  
 
Sex-biased allocation (Trivers and Willard 1973) is one potential source of variation in milk 
composition. In polygynous mammals, males have higher reproductive variance than females, 
therefore sons should benefit more than daughters from greater milk provisioning (Trivers and 
Willard 1973). Hence, mothers with higher caring ability should favour sons, whereas mothers 
with lower ability should favour daughters. Some studies of milk composition have provided 
support for sex-biased allocation by reporting that sons received more (Landete-Castillejos et 
al. 2005) or higher-energy milk (Powe et al. 2010) with greater lipid (Fujita et al. 2012) or 
protein concentrations (Robert and Braun 2012) than daughters. Other studies found no sex-
related differences (Hinde, 2009; Hinde et al., 2014).  
 
Experimentally restricted diets have revealed the importance of nutrition on lactation 
performance (Roberts et al. 1985; Landete-Castillejos et al. 2003; Bovolenta et al. 2013). If the 
timing of reproduction affects milk provisioning (Landete-Castillejos et al. 2001; Skibiel and 
Hood 2015) then there could be large seasonal variation in maternal caring ability in the wild. 
Most studies investigating maternal care through milk, however, were performed in captive 
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(Hinde 2009; Robert and Braun 2012), or semi-captive (Landete-Castillejos et al. 2001) 
environments. Hence, little is known about sex-biased milk allocation in wild mammals.  
 
We studied milk composition in wild eastern grey kangaroos (Macropus giganteus) in a 
temperate environment. Similar to ungulates, kangaroos are large herbivores and males have 
higher reproductive variance than females (Fisher et al. 2002). The short gestation and 
prolonged lactation of marsupials, however, make kangaroos ideal for studying postnatal care 
(Sharp et al. 2017). Stage-specific changes in milk composition during marsupial lactation have 
been extensively studied in the congeneric tammar wallaby (Green et al. 1980; Green et al. 
1983), with milk components changing substantially throughout lactation (Tyndale-Biscoe and 
Janssens 1988). We identified determinants of milk lipid and protein, two macronutrients with 
high caloric density and sensitivity to maternal nutritional state (Parker et al. 2009). We expected 
that females at the same stage of lactation would vary milk composition according to forage 
production. Male body size in kangaroos affects mating success (Rioux-Paquette et al. 2015); 
we predicted that mothers with a higher ability to care would provide milk with higher protein 
content to sons than to daughters. Finally, we tested whether protein concentration at peak 
lactation affected offspring survival (Skibiel and Hood 2015).   
 
Methods 
 
Study area and data collection 
 
The study area in Wilsons Promontory National Park, Victoria, Australia (38°57’S, 146°17’E) 
is a 1.1-km2 grassland surrounding an emergency airstrip (Davis et al. 2008), where grasses, 
sedges and herbs are the main forage (Davis et al. 2010). The kangaroo population has been 
monitored since 2008, with annual recaptures of marked individuals (Gélin et al. 2013). The 
climate is temperate, with mean maximum monthly temperatures ranging from 12.5 °C in July 
to 26.8 °C in February, and annual precipitation of 453−966 mm between 2012 and 2015 
(Corner Inlet Station, 38°81’S, 146°19’E; www.bom.gov.au/climate/data/).  
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We used a pole syringe (King et al. 2011) to capture females carrying pouch young aged six to 
10 months from mid-winter (July) to early summer (December) in 2014 and 2015. Young were 
transferred to a cloth bag, sexed and their head, foot and leg lengths (mm) measured. They were 
marked with coloured plastic ear tags (Leader Products Pty Ltd, Craigieburn, Australia). 
Mothers were weighed to the closest 0.25 kg and their hind leg length measured (mm). To 
stimulate milk letdown, oxytocin (Oxyto-Sure, Vetoquinol, concentration = 20 USP·mL-1, dose 
=12 μl·kg) was injected intramuscularly. After 1−4 minutes, milk was expressed into a screw-
top vial by gently stripping the teat. Samples were refrigerated for 1−4 hours, then stored at −20 
°C until analysis. The time of milk collection (morning, 0600−0900 hours; evening, 1600−2300 
hours) was recorded and young were returned to the pouch. We collected 103 milk samples from 
91 females. Of these, 12 and 11 were newly marked in 2014 and 2015, respectively, with colored 
Allflex ear tags and a flexible collar (Gélin et al. 2013).  
 
Milk analysis 
 
Milk samples were assayed in triplicate for total protein (Thermo Scientific-Pierce™ BCA 
Protein Assay Kit #23227) and lipid (Atwood and Hartmann 1992) concentrations. The partial 
energy (carbohydrate content not included) calculated per unit volume was derived from lipid 
and protein concentrations, assuming energy values of 24.6 kJ·g-1 for protein and 38.1 kJ·g-1 for 
lipid (Oftedal 1984). At this stage of marsupial lactation, carbohydrates decrease and remain at 
low concentrations for the remainder of lactation (Tyndale-Biscoe and Janssens 1988), therefore 
should not greatly influence milk energy. Milk yield was not quantified, and time since last 
suckling could not be measured because nursing occurred inside the pouch. 
 
Explanatory variables 
 
Environmental, maternal and offspring characteristics could affect milk composition. The 
maternal characteristics we considered were leg length and relative body condition, measured 
as the ratio of observed body mass to mass predicted by an OLS regression of log female mass 
on log leg length (Le Cren 1951). Age was unknown for 73% of mothers and hence was not 
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included in analyses. The offspring characteristics we considered were sex and age. Age was 
the mean of estimates from sex-specific growth models for head, foot and leg lengths (Poole et 
al. 1982) and was included in analyses to account for increases in both lipid and total protein 
concentrations in milk (Green et al. 1980; Green et al. 1983). Environmental variables included 
year of sampling, sampling date and birthdate of young, the two latter characteristics 
representing seasonal variables.  Birthdate was expressed as Julian day, with 1 August as day 1, 
because the peak of births occurs during spring and early summer (60% were born in November-
January and 9% were born in May-October). Year of sampling indirectly considered forage 
production, that was not seasonally predictable. Forage production was measured in January, 
April, July and October by harvesting palatable vegetation from 50 systematically-distributed, 
0.79-m2 circular wire-mesh exclusion cages. We calculated forage production between 
estimated birthdate and milk sampling date for each mother-young pair assuming constant daily 
vegetation growth between measures. 
 
We examined how milk composition explained offspring survival using age of juveniles in days 
at their last sighting. We searched for marked young on most days from late July to early 
December, and again in early March. Maximum longevity was 550 days (18 months), the 
minimal age of weaning (Poole 1975).  
 
Model development and analysis 
 
We first evaluated the sources of variation in milk composition by considering multiple 
hypotheses. We tested sex-biased allocation by including interactions between maternal 
characteristics and offspring sex. We considered an alternative hypothesis, environmental 
modulation of milk provisioning at annual and seasonal levels, by including year and offspring 
birthdate in analyses, and interactions between year and both maternal condition and offspring 
sex were tested. Preliminary analyses indicated a curvilinear relationship between milk 
macronutrients and age of young, therefore age was included as a quadratic term. A total of 19 
hypotheses were modelled using linear mixed regressions (Table 1; Appendix S1), and three 
response variables describing milk composition, total protein and lipid concentrations, and the 
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lipid-to-protein ratio (LPR), were separately investigated. High LPR indicates a greater 
proportion of lipids than proteins, and low LPR indicates greater protein content regardless of 
milk solids concentrations. Using LPR accounts for the confounding effect of milk volume 
diluting macronutrients (Hinde 2009).   
 
We formulated 11 hypotheses to explain the effect of milk composition on offspring longevity 
(Table 1; Appendix S1), including offspring sex and interactions between sex and 
macronutrients. Age of young at capture was included in models because it was correlated with 
longevity (rp=0.20, P<0.001). Maternal condition was included because it is linked to juvenile 
survival in agile wallabies (M. agilis) (Bolton et al. 1982). We also considered birthdate and an 
interaction between birthdate and year.  
 
To establish the relative strength of evidence for each candidate model, we performed model 
selection using Akaike’s Information Criterion corrected for sample size (AICc) (Burnham and 
Anderson 2002) for the four candidate sets. Models were ordered according to Δi values relative 
to the model with the lowest AICc. Akaike weights (wi), indicating the probability that a model 
was the best in the candidate set given the data (Burnham and Anderson 2002), were computed 
for each model. A model had significant support if wi ≥ 0.05. We then performed multimodel 
inference to estimate averaged effect sizes; parameter estimates for variables that best described 
variance in milk composition and offspring longevity had 95% unconditional confidence 
intervals that did not overlap zero (Burnham et al. 2011).  
 
All models included maternal identity as a random variable to account for the use of non-
averaged triplicates. We used the lmer function in the lme4 package (Bates et al. 2015) with R 
version 3.2.2 (R Core Team 2015) to fit models to the data, and the aictab function in the 
AICcmodavg package (Burnham et al. 2011) to obtain AICc values, perform model averaging 
and estimate model parameters.  
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Table 1. Parameters used in linear mixed models fitted to assess determinants of milk composition (m) and effects of milk 
composition on offspring longevity (Y) in Wilsons Promontory National Park, Australia, in 2014 and 2015. 
Model Description 
Milk composition  
m {.} Milk composition varies randomly (i.e. null model) 
m {a + a2} Milk composition varies curvilinearly with age of young (a) 
m {bd} Milk composition varies linearly with birthdate of young (bd) 
m {C} Milk composition varies linearly with maternal relative condition (C) 
m {L} Milk composition varies linearly with maternal leg length (L) 
m {S} Milk composition varies with offspring sex (S) 
m {yr} Milk composition varies with years of sampling (yr) 
m {all} Milk composition varies additively with all predictor variables 
m {S × C} Milk composition varies with an interaction between offspring sex and maternal relative condition 
m {S × L} Milk composition varies with an interaction between offspring sex and maternal leg length 
m {yr + bd} Milk composition varies additively with year of sampling and birthdate of young 
m {all + S × C} Milk composition varies additively with all predictors variables and an interaction between offspring 
sex and maternal relative condition 
m {all + S × C + 
S× yr} 
Milk composition varies additively with all predictors variables and an interaction between offspring 
sex and both maternal relative condition and year of sampling 
m {all + S × L} Milk composition varies additively with all predictor variables and an interaction between offspring 
sex and maternal size 
m {all + S × L + S 
× yr} 
Milk composition varies additively with all predictor variables and an interaction between offspring 
sex and both maternal size and year of sampling 
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m {all + yr × C + 
S × yr} 
Milk composition varies additively with all predictor variables and an interaction between year of 
sampling and both maternal relative condition and offspring sex 
m {all + S × C + 
C × yr} 
Milk composition varies additively with all predictor variables and an interaction between maternal 
relative condition and both year and offspring sex 
m {all + S × C +  
C × yr + S × yr} 
Milk composition varies additively with all predictor variables and two-way interactions between 
offspring sex, year and maternal relative condition 
m {all +                 
S × C × yr} 
Milk composition varies additively with all predictor variables and a three-way interaction between 
offspring sex, year and maternal relative condition 
Offspring survival  
Y {.} Offspring longevity varies randomly (i.e. null model) 
Y{a} Offspring longevity varies linearly with age of young (a) 
Y {lip} Offspring longevity varies linearly with milk lipid concentration (lip) 
Y {prot} Offspring longevity varies linearly with milk protein concentration (prot) 
Y {C} Offspring longevity varies linearly with maternal relative condition (C) 
Y {S} Offspring longevity varies with offspring sex (S) 
Y {yr × bd} Offspring longevity varies with an interaction between year of sampling and birthdate of young 
Y {all} Offspring longevity varies additively with all predictor variables 
Y {S × lip} Offspring longevity varies additively with all predictor variables and an interaction between offspring 
sex and milk lipid concentration 
Y {S × prot} Offspring longevity varies additively with all predictor variables and an interaction between offspring 
sex and milk protein concentration 
Y {S × lip +        
S× prot} 
Offspring longevity varies additively with all predictor variables and an interaction between offspring 
sex and both milk lipid and protein concentrations 
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Results 
 
Proximate milk composition 
 
We analyzed 103 samples, 78 from 2014 and 25 from 2015 (Table 2). Among females marked 
in previous years, 49% (70 of 144) carried pouch young in 2014 and 11% in 2015 (15 of 131) 
(Χ2=44.48, df=1, P <0.0001). Young in 2014 were estimated to be seven days older at capture, 
on average, than in 2015 (range: 196−284 days; Table 3). The sampling period was 37 days 
longer in 2014 (31 July to 5 December) than in 2015 (29 July to 29 October). Estimated 
birthdates spanned five months in 2014 (23 November 2013 to 29 April 2014) and four months 
in 2015 (5 December 2014 to 29 March 2015).  
 
Table 2. Number of milk samples assayed during a two-year study of eastern grey kangaroos 
at Wilsons Promontory National Park, Australia. 
 
 
 
 
Forage production was 48% lower in 2015 than in 2014 (Table 3), and maternal condition (Table 
3) and partial energy (Fig. 1) were also higher in 2014 than in 2015. Maternal body condition 
increased in spring (Table 4). Further examinations of relationships between explanatory 
variables (Tables 3,4) provided additional evidence of the lack of bias in sampling. Average age 
of young, sampling date and birthdate were not different according to offspring sex (Table 3). 
Time of day did not affect protein concentrations (Welch two-sample t-test: t = -0.42, df = 
261.02, P = 0.68), but lipid concentrations were higher in the morning than in the evening 
  Year Total 
 2014 2015   
Daughters 35  16   51  
Sons 43  9  62  
TOTAL 78  25  103  
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(Welch two-sample t-test: t = 2.84, df = 207.46, P = 0.005). On average, evening samples were 
collected later in the season (Welch two-sample t-test; t = -2.26, df = 258.58, P = 0.02). 
 
Determinants of milk composition 
 
Lipid and protein 
 
The concentrations of protein and lipids varied substantially (24.04−151.50 mg·mL-1 and 
46.76−316.10 mg·mL-1, respectively), with significant year effects (Table 3). Detailed 
distributions, model selection and multimodel inference summaries for these macronutrients are 
provided in Appendices S2&S5 in the Supporting Information. 
 
Lipid: protein ratio 
 
Because sampling date and birthdate of young were highly correlated (Table 4), models fitted 
with each variable yielded similar results. We report models sets using birthdate because they 
had greater strength of evidence than those including sampling date (Likelihood-ratio test: Χ2 = 
7.11, df = 1, P < 0.001). There was support (wi ≥ 0.05) for three models explaining LPR (Table 
5). Model averaging (Table 6) suggested that LPR was best explained by negative interactions 
between maternal condition and both year and offspring sex (Fig. 2a, c), and by negative effects 
of birthdate (Fig. 2b) and maternal size (Fig. 2d). Detailed multimodel inference summaries are 
provided in Appendix S3. 
 
Juvenile survival 
 
Longevity estimates were accurate and precise for young that died before mid-December 
because we located every marked individual almost daily. We excluded 12 late-born pouch  
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Table 4. Pearson's product-moment correlation coefficients between maternal, pouch young and environmental variables  
 
2014 2015 F P df Female Male F P df F P df  
Lipid concentration (mg·mL -1 ) 174 ± 56 119 ± 41 58.66 < 0.001 1 161 ± 68 160 ± 45 0.018 0.893 1 2.349 0.126 1 
Protein concentration (mg·mL -1 ) 90.4 ± 22.4 48.9 ± 8.5 235 < 0.001 1 78.5 ± 26.4 82.4 ± 26.9 1.64 0.201 1 0.949 0.331 1 
Date of sampling (1=29 July) 47 ± 35 41 ± 27 2.25 0.135 1 47 ± 35 44 ± 32 0.47 0.492 1 1.849 0.175 1 
Pouch young birthdate (1=1  
August) 
175 ± 41 175 ± 33 0.005 0.944 1 175 ± 41 175 ± 37 0.00 0.988 1 0.880 0.349 1 
Maternal relative condition 1.007 ± 0.018 0.998 ± 0.011 10.02 0.002 1 1.004 ± 0.017 1.007 ± 0.017 2.87 0.092 1 1.704 0.192 1 
Maternal leg length (mm) 529 ± 14 525 ± 15 3.48 0.063 1 528 ± 15 528 ± 13 0.12 0.733 1 0.746 0.388 1 
Age of pouch young at capture  
(days) 
233 ± 19 226 ± 16 7.55 0.006 1 232 ± 21 230 ± 17 0.84 0.362 1 0.327 0.568 1 
Total forage production during  
lactation (g·m -2 ) 
154 ± 15 80 ±18 1191 < 0.001 1 132 ± 40 142 ± 30 6 < 0.001 1 1 0.229 1 
Year Offspring Year × Offspring 
Mean values Mean values 
Table 3. Mean ± SD values and two-way analysis of variance by year of sampling and sex of offspring for variables recorded 
for each milk sample collected at Wilsons Promontory National Park, Australia, in 2014 and 2015. 
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Age of 
pouch 
young
P
Sampling 
date
P Birthdate P
Maternal 
relative 
condition
P
Maternal 
leg length
P
Sampling date (1=29 July) -0.06 0.306 - - - - - - - -
Birthdate (1=1 August) -0.53 < 0.001 0.87 < 0.001 - - - - - -
Maternal relative condition 0.07 0.209 0.28 < 0.001 0.19 < 0.001 - - - -
Maternal leg length (mm) 0.16 0.006 -0.17 0.004 -0.22 < 0.001 -0.13 0.027 - -
Total forage production during 
lactation (g·m-2)
0.48 < 0.001 0.15 0.010 -0.11 0.059 0.19 < 0.001 0.12 0.033
Pearson's product-moment correlations (rp)
Table 4. Pearson's product-moment correlation coefficients between maternal, pouch young and environmental variables 
characterizing eastern grey kangaroo milk samples (n=103) collected at Wilsons Promontory National Park, Australia, in 2014 
and 2015. 
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young from the analyses to avoid underestimating longevity because they were last seen alive 
when we left the study area. Most young disappeared before permanent pouch emergence and 
only 11 (10%) survived to 550 days (2014: six females, two males; 2015: two females, one 
male). Mean longevity was 321 ± 97 (range: 201−550) days. Two models had significant 
support (i.e. wi ≥ 0.05; Table 7). Model-averaged estimates (Table 6) confirmed that offspring 
longevity increased with maternal condition and lipid concentration (Fig. 3a), but increased with 
protein concentration only for sons (Fig. 3b). Finally, longevity decreased with birthdate and 
Figure 1. Partial gross energy of eastern grey kangaroo milk by year and offspring sex. Energy 
derived from lipids and proteins was significantly lower (F= 8.93, df= 1, P < 0.001) in 2015 
than in 2014 but was independent of offspring sex (F= 0.049, df= 1, P= 0.8). 
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was lower in 2015 than in 2014 (Table 6). Detailed multimodel inference results are presented 
in Appendix 4.  
 
Discussion  
 
Forage productivity and milk composition of eastern grey kangaroos differed markedly between 
years. The substantial annual and seasonal differences in forage production during lactation in 
the two years of the study were associated with differences in maternal condition and milk 
composition, that we attribute to much lower forage production in 2015. Milk composition was 
further explained by offspring sex through an interaction with maternal condition, as mothers in 
better condition allocated more protein to sons than to daughters. Interestingly, larger mothers 
in our study area tend to have more sons (Le Gall-Payne et al. 2015), and during our study they 
produced milk with more protein than smaller mothers. Moreover, milk composition had a direct 
and sex-dependent effect on offspring survival.  
 
Forage production during lactation in 2015 was half of that in 2014, and mothers in 2015 were 
in poorer condition and produced lower-energy milk than mothers in 2014. Similarly, food-
restricted red deer hinds (Cervus elaphus) produced less milk, containing less lipids, protein and 
glucose, than control hinds (Landete-Castillejos et al. 2003), and female tammar wallabies 
increased food intake to avoid metabolizing fat reserves as lactation progressed (Cork 1991). 
The concomitant differences in milk composition and forage production suggests that eastern 
grey kangaroos relied at least partly on current nutrition to meet lactational requirements. 
Lactating kangaroos increase their bite rate and midday foraging time compared to non-lactating 
females (Gélin et al. 2013). Increasing foraging effort may not, however, compensate for the 
costs of lactation when forage is scarce (Parker et al. 2009). Low forage production likely 
lowered protein intake, but females that maintained relatively high condition in the poor year 
(2015) produced high-protein milk, suggesting that they were able to buffer against forage 
scarcity.  
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Figure 2. Determinants of milk lipid-to-protein ratio in eastern grey kangaroos. (a) Model-
averaged effect of scaled maternal relative condition moderated by year (a proxy of forage 
production). 2014: closed circles, solid line; 2015: open triangles, dotted line. (b) Model-
averaged effect of scaled maternal relative condition as a function of offspring sex. The 
relationships between scaled maternal relative condition x offspring sex for lipid and protein 
concentrations mirror the effect shown here. Sons: open triangles, dotted line. Daughters: closed 
circles, solid line. (c) Model-averaged effect of scaled offspring birthdate. (d) Model-averaged 
effect of scaled maternal leg length (range: 488-562 mm). Details on multimodel inference are 
provided in Appendix 3 in the Supporting Information. 
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Milk composition was also affected by birthdate. At mid lactation, early-born kangaroos 
received more milk lipids than proteins, independently of maternal condition. For temperate 
herbivores, dietary protein might not be enough for milk production before the onset of spring 
vegetation growth (Taillon et al. 2013). Also, mothers of early-born pouch young face both low 
food abundance and high thermoregulatory costs because of cooler temperatures in late winter 
and there might be higher costs to deplete protein stores than fat stores (Barboza and Parker 
2008). Our results provide a rare example of how forage production, and potentially 
temperature, affect maternal condition and milk composition in a wild terrestrial mammal. 
Eastern grey kangaroos exhibit a conservative reproductive strategy and are partly income 
breeders (Gélin et al. 2016a); lower milk partial energy in a low-forage year suggests that 
females attempt to maintain condition by transferring environmental costs to their young. 
Figure 3. Model-averaged effects of (a) scaled lipid concentration and (b) scaled protein 
concentration in milk of eastern grey kangaroos on offspring survival to weaning (i.e. 550 days). 
Sons: open triangles, dotted line. Daughters: closed circles, solid line. Details on multimodel 
inference are provided in Appendix 4 in the Supporting Information. 
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Females, however, acted as capital breeders early in the season by using body stores to meet the 
high lactation costs, suggesting a resource-modulated lactation strategy.  
 
Table 5. Model selection summary for the effects of maternal characteristics, age and sex of 
pouch young, birthdate and year on lipid-to-protein ratio in eastern grey kangaroo milk. LL, log-
likelihood; K, number of estimated parameters; AICc = Akaike’s Information Criterion 
corrected for small sample size; Δi, difference between model AICc and the lowest AICc in the 
model set; wi, Akaike model weight.  Models are ranked in descending order of support, and 
models with significant support (wi ≥ 0.05) are in bold. 
Model ID LL K AICc Δi wi 
m {all + S × C + C × yr}  -251.08 12 527.24 0.00 0.52 
m {all + S × C + C × yr + S × yr}  -250.43 13 528.11 0.87 0.34 
m {all + S × C × yr}  -250.17 14 529.79 2.55 0.15 
m {all + S × C + S × yr}  -276.57 12 578.22 50.98 0.00 
m {all + yr × C + S × yr}  -276.95 12 578.97 51.73 0.00 
m {all + S × C}  -281.18 11 585.27 58.03 0.00 
m {all + S × L + S × yr}  -301.37 11 625.64 98.40 0.00 
m {all + S × L}  -303.96 11 630.82 103.58 0.00 
m {all} -310.36 10 641.47 114.24 0.00 
m {yr + bd} -320.27 7 654.93 127.69 0.00 
m {S × C} -325.20 8 666.89 139.65 0.00 
m {bd} -339.28 4 686.69 159.45 0.00 
m {S × L} -340.14 8 696.76 169.52 0.00 
m{a + a2} -346.53 5 703.27 176.03 0.00 
m {S} -360.84 4 729.82 202.58 0.00 
m {yr} -362.49 4 733.11 205.88 0.00 
m {L} -362.97 4 734.07 206.83 0.00 
m {.} -364.33 3 734.73 207.50 0.00 
m {C} -364.31 4 736.76 209.53 0.00 
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Table 6. Model-averaged parameter estimates explaining variation in lipid-to-protein ratio in 
eastern grey kangaroo milk and offspring longevity, using standardized variables (reduced and 
centered to the mean). 
 
 
 
 
Terms Parameter value 95% confidence interval 
Lipid: protein     
Age of young -0.23       -0.34, -0.13 
Year (reference=2014) -0.06 -0.26, 0.13 
Sex of offspring (reference=female) 0.20 -0.07, 0.46 
Maternal relative condition 0.16 -0.03, 0.35 
Maternal leg length -0.31 -0.52, -0.10 
Offpspring birthdate -0.38 -0.61, -0.16  
Year×Sex 0.41 -0.24, 1.07 
Maternal condition×Sex -1.46 -1.78, -1.14 
Maternal condition×Year -1.23 -1.53, -0.92 
Offspring longevity    
Age of young -5.64      -13.19, 1.91 
Year (reference=2014) -15.38 -28.43, -2.32 
Maternal relative condition 52.98 44.65, 61.32 
Offspring birthdate -23.15 -29.24, -17.06 
Offspring sex (reference=female) -35.51 -43.42, -27.59 
Lipid concentration 18.99 12.13, 25.85 
Protein concentration 45.37 30.72, 60.02 
Lipid×Sex 15.66 -0.87, 32.20 
Protein×Sex 36.97 19.95, 53.99 
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Table 7. Model selection summary for the effects of milk composition, sex of pouch young, 
birthdate and year on eastern grey kangaroo survival to weaning. LL, log-likelihood; K, number 
of estimated parameters; AICc = Akaike’s Information Criterion corrected for small sample size; 
Δi, difference between model AICc and the lowest AICc in the model set; wi, Akaike model 
weight. Models are ranked in descending order of support, and models with significant support 
(wi ≥ 0.05) are in bold. 
 
Model ID LL K AICc Δi wi 
Y {S × lip + S × prot} -1221.91 12 2468.97 0.00 0.64 
Y {S × prot} -1223.58 11 2470.14 1.17 0.36 
Y {all} -1231.52 10 2483.84 14.87 0.00 
Y {S × lip} -1230.59 11 2484.14 15.17 0.00 
Y {yr × bd} -1344.58 6 2701.47 232.50 0.00 
Y{a} -1383.68 4 2775.51 306.54 0.00 
Y {prot} -1386.23 4 2780.61 311.64 0.00 
Y {C} -1402.46 4 2813.07 344.09 0.00 
Y { lip} -1419.23 4 2846.60 377.63 0.00 
Y {S} -1429.38 4 2866.90 397.93 0.00 
Y {.} -1438.05 3 2882.18 413.20 0.00 
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Kangaroos are polygynous (Fisher et al. 2002), and successful sons could provide higher fitness 
returns compared to daughters (Trivers and Willard 1973). Since milk protein is of paramount 
importance to pre-weaning growth (Landete-Castillejos et al. 2001; Parker et al. 2009), greater 
protein transfer by mothers could improve sons’ reproductive potential by increasing their adult 
body size (Miller et al. 2010). We found that mothers of sons produced milk with higher 
proportions of protein than mothers of daughters (Robert & Braun, 2012), but this effect was 
moderated by maternal body condition. Mothers in better relative condition favoured protein 
allocation to sons while mothers in poorer condition favoured protein allocation to daughters, 
revealing a condition-specific and sex-biased care strategy (Trivers and Willard 1973). This 
result supports previous findings that heavier macropod mothers tend to have more sons 
(Sunnucks and Taylor 1997; Le Gall-Payne et al. 2015), probably because they can provide 
high-quality care (Robert et al. 2010). In marsupials, milk composition is autonomously 
controlled by the mammary gland and is unaffected by suckling patterns (Trott et al. 2003). It is 
therefore unlikely that higher protein allowance for sons was a non-adaptive maternal response 
to higher suckling and nutrient demand (Landete-Castillejos et al. 2005), because despite 
different compositions, partial energy density per unit volume of milk was similar for sons and 
daughters. We do not know if females produced different amounts of milk. Data on milk volume 
would allow a better understanding of sex-biased care, with potential sex differences in 
production and macronutrient dilution (Nommsen et al. 1991; Hinde 2009; Hinde et al. 2014).  
 
Surprisingly, structural size affected milk composition independently of maternal condition. 
Larger females produced high-protein milk compared to smaller females. Kangaroos have 
indeterminate skeletal growth, so larger individuals tend to be older (Jarman 1989). Age could 
therefore partly explain the effect of size, as experienced females may select better food patches. 
Alternatively, larger females may be able to allocate more resources to lactation (Pomeroy et al. 
1999) because smaller females face a steeper trade-off between allocating protein stores to 
structural growth or to milk production (Stearns 1989).  
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In 2015, when forage production and maternal condition were poor, offspring survival and 
population reproductive rate were lower compared to 2014. Model selection revealed that 
offspring longevity was affected by maternal condition, birthdate and milk composition. Higher 
lipid concentrations increased longevity for both sexes, but low protein concentrations had a 
greater negative effect on the longevity of sons. Higher milk protein during mid lactation was 
also associated with higher offspring mass at 14 months in captive tammar wallabies (Robert 
and Braun 2012). In kangaroos, sons require more protein than daughters, as they grow faster 
during the pouch stage (Poole et al. 1982), and selection favors rapid structural growth in male 
juveniles of sexually-dimorphic species (Arnould et al. 2001). Marsupial milk composition 
follows a temporal protein delivery sequence, partly acting as signal for tissue development 
(Sharp et al. 2017). Apart from retarding structural growth, deficiency in specific compounds 
could also cause abnormal development (Sharp et al. 2017) and weaken resistance to pathogens 
(Daly et al. 2007; Joss et al. 2009), jeopardizing survival. Our results are conservative, because 
it is possible that we overestimated the age of high-provisioned young. Our analyses could not 
compare milk attributes to early survival, which was likely affected by poor environmental 
conditions.  
 
We found that early-born young survived longer. A similar result in mountain goats (Oreanmos 
americanus) was attributed to early-born kids having a longer period of access to high forage 
quality in a temperate environment (Côté and Festa-Bianchet 2001). We remain cautious about 
the negative effect of birthdate on longevity, as seasonal conditions likely fluctuate between 
years in our study area. 
 
In conclusion, we found strong support for sex-biased milk macronutrient allocation in wild 
kangaroos. Asynchronous reproduction revealed effects of environmental conditions on a direct 
component of maternal care. Our study is a rare example of concomitant deterioration in milk 
quality and forage production in a large wild terrestrial mammal.    
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CHAPITRE IV 
CONCLUSION 
 
Mon objectif général était d’étudier l’effet de la taille sur le succès reproducteur des femelles 
chez le kangourou gris de l’Est. Un premier objectif visait à déterminer l’importance relative de 
facteurs endogènes et exogènes sur la croissance squelettique annuelle des individus. 
Parallèlement, un second objectif visait à quantifier l’effet de la taille des femelles sur leur 
succès reproducteur en investiguant la fécondité et la survie de leur progéniture, et la qualité des 
soins maternels dans un environnement variable et saisonnier. Grâce à un suivi longitudinal de 
la croissance somatique et des événements de reproduction chez les femelles adultes d’âge 
connu, et en évaluant l’ampleur de la variabilité dans la composition du lait, ce projet a amélioré 
la compréhension de la stratégie de reproduction chez ce grand marsupial évoluant dans un 
environnement variable. Mon mémoire fournit une rare documentation de la trajectoire 
d’allocation chez un mammifère à croissance indéterminée, ainsi que de la composition du lait 
de kangourou en milieu naturel.  
 
Le second chapitre de mon mémoire souligne le rôle important de la taille corporelle d’une 
femelle pour sa reproduction. Je suggère que l’avantage d’une grande taille pour le succès 
reproducteur chez les femelles kangourous survient en raison des plus faibles compromis 
énergétiques entre la croissance et la reproduction que les femelles de plus grande taille 
rencontreront dans l’allocation de leurs ressources limitées (Heino et Kaitala 1999). Plus 
précisément, j’ai trouvé qu’à un âge donné, les femelles de plus grande taille grandissaient moins 
que celles plus petites, et que les plus jeunes femelles avaient les taux de croissance les plus 
élevés. De façon concomitante, les femelles plus âgées détenaient une probabilité accrue d’être 
fécondes comparativement aux femelles plus jeunes, mais une taille corporelle plus grande pour 
les jeunes femelles augmentait considérablement leur fécondité. Ces résultats supportent qu’il 
existerait un avantage pour une femelle d’atteindre une grande taille tôt dans sa vie, surtout pour 
augmenter son succès reproducteur à vie (Stearns et Koella 1986). En effet, dû aux taux de 
croissance qui sont fortement déterminés par la taille, les petites femelles font face à des 
compromis coûteux et persistants entre l’allocation à leur croissance et leur reproduction 
 73 
 
actuelle, en plus de potentiellement enclencher des trajectoires compensatoires coûteuses, 
comme les plus petites femelles maintenaient des taux de croissance plus élevés plus tard dans 
leur vie (Metcalfe et Monaghan 2001). La croissance squelettique indéterminée des kangourous 
a fourni des données qui révèlent que les mauvaises conditions environnementales réduisent la 
croissance squelettique des adultes, suggérant que les conditions de vie précoces, au moment où 
la croissance est la plus rapide, peuvent occasionner des compromis spécifiques à la taille et 
persistants pendant toute la vie d’un individu (Marcil-Ferland et al. 2013).  
 
Dans le troisième chapitre, j’ai identifié l’importance de l‘environnement sur la qualité des soins 
maternels ayant une incidence directe sur le succès reproducteur des femelles kangourous. 
L’étude sur la composition du lait a d’abord identifié que la densité énergétique du lait chute de 
façon concomitante à la dégradation de la productivité végétale sur notre site d’étude. J’ai 
également montré une grande variabilité saisonnière de la composition du lait, où les femelles 
atteignant le milieu de la lactation à la fin de l’hiver produisaient un lait plus calorique que les 
femelles ayant donné naissance plus tard pour arriver au même stade de lactation au début de 
l’été. Ici, la reproduction asynchrone chez le kangourou gris de l’Est nous a permis de détecter 
l’ampleur des différences interindividuelles dans la qualité des soins maternels, qui varient en 
fonction de la phénologie de la reproduction et des ressources disponibles au moment de la 
lactation (Parker et al. 2009; Taillon et al. 2013). De plus, les analyses ont identifié une 
allocation différentielle selon le sexe du jeune, où les femelles en meilleure condition allouaient 
davantage de protéines dans leur lait pour leur fils que pour leur fille, suggérant l’existence 
d’une stratégie adaptative de lactation spécifique à la condition maternelle et aux ressources 
disponibles, et influencée par le sexe du jeune (Trivers and Willard 1973; Robert and Braun 
2012). 
 
Les résultats du troisième chapitre appuient l’interprétation que l’avantage d’une grande taille 
pour les femelles se traduit à travers des compromis énergétiques réduits entre la croissance 
squelettique et la reproduction. En effet, mon étude du lait de kangourou a identifié une forte 
association positive entre la concentration de protéines dans le lait et la taille d’une femelle 
allaitante, suggérant que les décisions d’allocation peuvent être détectées dans la composition 
 74 
 
du lait. Les femelles de plus petite taille allouent davantage à la croissance, et cela peut 
influencer la qualité nutritionnelle du lait. De plus, la concomitance des différences annuelles 
dans la qualité énergétique du lait et dans la production de végétation sur le site d’étude, en plus 
de la plus faible probabilité de succès reproducteur chez les femelles en moins bonne condition 
corporelle, indiquent que les kangourous possèdent une stratégie de reproduction très 
conservatrice, où les soins maternels et la survie des juvéniles sont hautement affectés par les 
conditions environnementales et la capacité d’acquisition de ressources (Gaillard et al. 2000a; 
Gélin et al. 2015). Ici, l’absence des coûts de reproduction pour les femelles peut s’expliquer 
par la décision de se reproduire qui sera fortement dépendante de la capacité d’une femelle à 
maintenir un effort de lactation soutenu; ainsi les femelles qui tentent de se reproduire sont 
probablement celles qui ont a priori un plus grand potentiel de reproduction (Beauplet and 
Guinet 2007; Hamel et al. 2009a).  
 
Implications 
 
Mon étude de la trajectoire d’allocation entre la croissance et la reproduction se démarque par 
la portée de ses résultats, à cause de la grande taille d’échantillons de femelles d’âge connu 
ayant été suivies pendant une période de leur vie reproductive. Les résultats en découlant 
supportent des décisions d’allocation spécifique à l’âge chez les grands mammifères (Beauplet 
et al. 2006; Rughetti et al. 2015), mais les nuancent par des effets attribuables à la taille 
squelettique et à la condition corporelle des femelles, indépendants de l’âge. En effet, les 
femelles kangourous semblent emprunter une trajectoire d’allocation qui vise à maximiser leur 
aptitude phénotypique et leur succès reproducteur sur une échelle à long terme, de telle sorte 
qu’elles ne compromettent pas leur propre survie au profit de leur reproduction actuelle (Hamel 
et al. 2010). Cette stratégie est caractéristique des espèces longévives empruntant un parcours 
de vie lent, typique chez les grands herbivores.  
 
Mes travaux sur la variabilité en composition du lait sont parmi les rares documentations des 
soins maternels proximaux en milieu naturel chez les mammifères, et parmi les premiers 
étudiant ce trait physiologique chez une population naturelle de kangourous. Ils suggèrent que 
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la composition du lait est fortement affectée par les ressources disponibles, et que les femelles 
kangourous modulent l’allocation à leur progéniture selon leur état nutritionnel et les compromis 
auxquelles elles font face entre la croissance somatique et les soins maternels. Mes résultats 
renforcent les conclusions d’études antérieures sur la même population, suggérant que les 
femelles adoptent une stratégie d’allaitement qui modifie leur comportement d’acquisition de 
ressources, leur évitant de puiser dans leurs propres réserves à leur détriment.  
 
Travaux futurs 
 
Mon projet rehausse l’importance des conditions en début de développement, pouvant se 
répercuter sur les traits d’histoire de vie des femelles à plus long terme, à travers leurs effets sur 
l’allocation à la croissance squelettique et l’âge et la taille corporelle à la première reproduction. 
Bien que mes travaux n’aient pas directement investigué les conséquences à long terme de 
mauvaises conditions en début de vie, mes résultats montrent que l’environnement annuel 
pendant la vie adulte d’une femelle peut persister à influencer à la fois sa croissance et sa 
fécondité. Ainsi, les travaux futurs sur cette population pourront grandement bénéficier d’un 
échantillon accru de femelles d’âge connu pour lesquelles les conditions en début de vie et l’âge 
à la première reproduction seront connus afin de mesurer l’ampleur des effets cohorte pouvant 
en découler et venir affecter la dynamique de population. Davantage d’années de suivi pourront 
également permettre de se pencher sur le succès reproducteur à vie et la survie des adultes, et le 
rôle que joue la taille corporelle pour ces composantes du fitness. 
 
De plus, la poursuite de l’exploration de la composition du lait en milieu naturel permettra 
d’étudier les stratégies individuelles d’allocation aux soins maternels, en investiguant 
l’occurrence de différences persistantes existant entre les femelles dans le partitionnement des 
nutriments vers le lait. Ceci permettrait possiblement d’identifier un mécanisme physiologique 
expliquant comment certaines femelles possèdent une meilleure performance reproductive que 
d’autres. Néanmoins, alors que la composition du lait fournit d’importants renseignements, il 
demeurera difficile de quantifier la production de lait chez les kangourous en milieu naturel. En 
effet, il nous est encore impossible de mesurer de façon fiable le volume de lait produit, et 
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d’explorer la variabilité entre les femelles. Il en est de même chez les populations captives 
(Robert et al. 2012), et ceci demeurera potentiellement une source d’information inaccessible 
pour les Marsupiaux, et un biais persistant sur les estimations de concentrations de lait.  
 
Finalement, le domaine de recherche de l’écologie évolutive aura le potentiel d’emprunter de 
nouvelles directions en lien avec les résultats de mon projet de recherche. Par exemple, 
l’exploitation du cycle reproducteur des Marsupiaux pourrait faire foisonner davantage d’études 
à long terme afin d’élargir le spectre des espèces de mammifères étudiées dans ce domaine. En 
effet, les travaux futurs pourront profiter des coûts de gestation quasi-absents chez les 
Marsupiaux pour réduire les sources de biais dans l’étude des coûts de la reproduction chez les 
femelles mammifères. Aussi, le kangourou comme modèle d’étude présente un atout 
considérable pour étudier les effets de la croissance indéterminée sur l’évolution des patrons 
d’allocation à la reproduction spécifiques à l’âge, notamment le potentiel pour le retardement 
de la sénescence et l’augmentation de la longévité chez les espèces à croissance indéterminée 
qui tirent avantage d’une grande taille (Sparkman et al. 2007; Congdon et al. 2013).  
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APPENDIX S1: FINAL MODEL SELECTION FOR ANNUAL SKELETAL GROWTH 
See Table 2 for detailed variable abbreviations.  
 
Table S1. The model selection based on Akaike’s second-order criterion of the 20- candidate 
linear mixed effects models explaining variation in eastern grey kangaroo hind leg length 
growth. Female identity (1|ID) was included as a random variable (random intercept), but not 
year of capture. 
 
Model K AICc Δi wi 
Evidence 
ratio 
Age+Size+Cond+RS+Rain+Age × 
Size+Age × RS + 1|ID 
10 1543.13 0.00 0.64  
Age+Size+Cond+RS+Rain+Age × 
Size+Age × RS+RS × Rain + 1|ID 
11 1545.12 1.99 0.23 2.8 
Age+Size+Cond+RS+Rain+Age × Size+RS 
× Rain + 1|ID 
10 1547. 34 4.21 0.08 8.0 
Age+Size+Cond+RS+Age x Size + 1|ID 8 1548.61 5.48 0.04 16 
Age+Size+Rain+Age x Size + 1|ID 7 1551.95 8.82 0.01 64 
Age+Size+Rain+RS+Age x Size + 1|ID 8 1553.88 10.75 0.00  
Age+Size+Age x Size + 1|ID 6 1556.01 12.88 0.00  
Age+Size+RS+Rain+Cond + 1|ID 8 1560.68 17.55 0.00  
Age+Size+Cond+RS+Rain+Age x RS + 
1|ID 
9 1561.08 17.95 0.00  
Age+Size+Cond+RS + 1|ID 7 1561.46 18.33 0.00  
Age+Size+Cond+RS+Rain+RS x Rain+Age 
x RS + 1|ID 
10 1562.73 19.60 0.00  
Age+Size+Rain+Age x RS + 1|ID 7 1567.65 24.52 0.00  
Size + 1|ID 4 1567.83 24.71 0.00  
Age+Size+RS + 1|ID 6 1568.53 25.40 0.00  
 89 
 
Age+RS+Rain+RS x Rain + 1|ID 7 1643.48 100.35 0.00  
Age + 1|ID 4 1644.82 101.69 0.00  
Cond+RS + 1|ID 5 1698.21 155.08 0.00  
RS + 1|ID 4 1704.24 161.11 0.00  
Rain + 1|ID 4 1707.75 164.62 0.00  
1|ID 3 1707.83 164.70 0.00  
 
 
APPENDIX S2: MODEL SELECTIONS (3) FOR ANNUAL REPRODUCTIVE SUCCESS 
See Table 3 for detailed variable abbreviations.  
 
Table S2. The model selection based on Akaike’s second-order criterion of the 20-candidate 
generalized linear-mixed effects models explaining probability of fecundity in female eastern 
grey kangaroos (0=No lactation, 1=Lactation). Female identity (1|ID) was included as a random 
variable (random intercept), but not year of capture.  
 
Model 
K AICc Δi wi 
Evidence 
ratio 
Age+Size+pRS+Cond+Rain+Age x 
Size+pRS x Rain + 1|ID 
9 329.21 0.00 0.56  
Age+Size+pRS+Cond+Rain+Age x Size + 
1|ID 
8 331.12 1.91 0.22 2.5 
Age+Size+pRS+Cond+Rain+Age x 
Size+Age x pRS + 1|ID 
9 332.85 3.64 0.09 6.2 
Age+Size+pRS+Cond+Rain+Age x 
Size+Size x pRS + 1|ID  
9 333.19 3.98 0.08 
7 
Age+Size+pRS+Cond+Rain+pRS x Rain + 
1|ID 
8 335.82 6.61 0.02 
28 
Age+Size+pRS+Cond+Age x pRS + 1|ID 8 335.82 6.61 0.02 28 
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Age+Size+Cond+Rain+pRS + 1|ID 7 337.99 8.78 0.01 56 
Age+Size+pRS+Cond+Rain+Size x pRS + 
1|ID 
8 338.60 9.39 0.01 
56 
Age+Size+pRS+Cond+Rain+Age x pRS + 
1|ID 
8 339.94 10.73 0.00 
 
Cond + 1|ID 3 357.20 27.99 0.00 
 
Cond+pRS + 1|ID 4 359.21 30.00 0.00 
 
Age+Size+Age x Size + 1|ID 5 361.13 31.92 0.00 
 
Size + 1|ID 3 367.99 38.78 0.00 
 
Age+Size+pRS+Size x pRS + 1|ID 6 370.20 40.99 0.00 
 
Age+Size+pRS+Age x pRS + 1|ID 6 373.83 44.62 0.00 
 
pRS+Rain+pRS x Rain + 1|ID 5 379.12 49.91 0.00 
 
Age + 1|ID 3 380.87 51.66 0.00 
 
Rain + 1|ID 3 381.86 52.65 0.00 
 
pRS + 1|ID 3 388.02 58.81 0.00 
 
1|ID 2 388.48 59.27 0.00 
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Table S3. The model selection based on Akaike’s second-order criterion of the 20-candidate 
generalized linear-mixed effects models explaining probability of permanent emergence from 
the pouch (PEP) in eastern grey kangaroos (0=No emergence, 1=Emergence). Female identity 
(1|ID) and year of reproduction (1|Year) attempt were included as random variables (random 
intercept). 
 
Model K AICc Δi wi 
Evidence 
ratio 
Cond + 1|ID +1|Year 4 195.39 0.00 0.60  
Cond+pRS + 1|ID +1|Year 5 196.96 1.57 0.27 2.2 
Age+Size+pRS+Cond+Age x pRS + 
1|ID +1|Year 
8 201.21 5.82 0.03 20 
Age+Size+Cond+Rain+pRS + 1|ID 
+1|Year 
8 201.74 6.35 0.02 30 
Age+Size+pRS+Cond+Rain+Age x 
Size + 1|ID +1|Year 
9 203.01 7.62 0.01 60 
Age+Size+pRS+Cond+Rain+pRS x 
Rain + 1|ID +1|Year 
9 203.03 7.64 0.01 60 
Age+Size+pRS+Cond+Rain+Age x 
pRS + 1|ID +1|Year  
9 203.22 7.83 0.01 60 
Age+Size+pRS+Cond+Rain+Size x 
pRS + 1|ID +1|Year 
9 203.93 8.53 0.01 60 
Age+Size+pRS+Cond+Rain+Age x 
Size+pRS x Rain + 1|ID +1|Year  
10 204.30 8.91 0.01 60 
Age+Size+pRS+Cond+Rain+Age x 
Size+Age x pRS + 1|ID +1|Year  
10 204.46 9.07 0.01 60 
Age+Size+pRS+Cond+Rain+Age x 
Size+Size x pRS + 1|ID +1|Year 
10 205.18 9.79 0.00  
1|ID +1|Year 3 206.32 10.93 0.00  
 92 
 
pRS + 1|ID +1|Year 4 207.89 12.50 0.00  
Size + 1|ID +1|Year 4 208.01 12.62 0.00  
Age + 1|ID +1|Year 4 208.14 12.75 0.00  
Rain + 1|ID +1|Year 4 208.22 12.84 0.00  
Age+Size+Age x Size + 1|ID +1|Year 6 209.85 14.46 0.00  
pRS+Rain+pRS x Rain + 1|ID +1|Year 6 210.95 15.56 0.00  
Age+Size+pRS+Age x pRS + 1|ID 
+1|Year 
7 212.19 16.80 0.00  
Age+Size+pRS+Size x pRS + 1|ID 
+1|Year 
7 212.92 17.52 0.00  
 
 
Table S4. The model selection based on Akaike’s second-order criterion of the 20-candidate 
generalized linear-mixed effects models explaining probability of weaning success in eastern 
grey kangaroos (0=No weaning, 1=Weaned (18 months)). Female identity (1|ID) was included 
as a random variable (random intercept). 
 
Model K AICc Δi wi 
Evidence 
ratio 
pRS+Rain+pRS x Rain +1|ID 5 96.16 0.00 0.27  
Cond +1|ID 3 97.71 1.56 0.12 2.3 
pRS +1|ID 3 98.27 2.11 0.09 3 
1|ID 2 98.40 2.24 0.09 3 
Rain +1|ID 3 98.60 2.44 0.08 3.4 
Cond+pRS +1|ID 4 98.81 2.65 0.07 3.9 
Age+Size+Cond+Rain+pRS +1|ID 7 99.86 3.70 0.04 6.8 
Age+Size+pRS+Cond+Rain+pRS x Rain 
+1|ID 
8 100.14 3.98 0.04 6.8 
 93 
 
Age+Size+pRS+Cond+Rain+Size x pRS 
+1|ID 
8 100.18 4.02 0.04 6.8 
Size +1|ID 3 100.39 4.23 0.03 9 
Age +1|ID 3 100.47 4.31 0.03 9 
Age+Size+pRS+Size x pRS +1|ID 6 100.95 4.79 0.02 13.5 
Age+Size+Age x Size +1|ID 5 101.77 5.61 0.02 13.5 
Age+Size+pRS+Cond+Rain+Age x Size 
+1|ID 
8 101.92 5.77 0.02 13.5 
Age+Size+pRS+Cond+Rain+Age x pRS 
+1|ID 
8 102.28 6.12 0.01 27 
Age+Size+pRS+Cond+Rain+Age x 
Size+pRS x Rain +1|ID 
9 102.68 6.52 0.01 27 
Age+Size+pRS+Cond+Rain+Age x 
Size+Size x pRS +1|ID 
9 102.81 6.65 0.01 27 
Age+Size+pRS+Cond+Rain+Age x 
Size+Age x pRS +1|ID 
9 104.37 8.21 0.00  
Age+Size+pRS+Age x pRS +1|ID 6 104.86 8.70 0.00  
Age+Size+pRS+Cond+Age x pRS +1|ID 7 105.78 9.32 0.00  
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APPENDIX S1: CANDIDATE MODEL LISTS 
Table S1. The 19-candidate linear mixed effects models explaining variation in eastern grey kangaroo lipid concentration, 
protein concentration and LPR (lipid-to-protein ratio). Female identity (1|ID) was included as a random variable (random 
intercept), to account for use of triplicates.  
 
Model Description 
m{.} (1|idmother) 
m{a + a2} age + age2 + (1|idmother) 
m{bd} birthdate + (1|idmother) 
m{C} condition + (1|idmother) 
m{L} leg + (1|idmother) 
m{S} sex +(1|idmother) 
m{yr} year +(1|idmother) 
m{all} age + age2 + condition + leg + year + sex + birthdate + (1|idmother) 
m{S × C} age + age2 + condition +sex+ condition×sex+ (1|idmother) 
m{S × L} age + age2 + leg + sex + leg×sex + (1|idmother) 
m{yr +bd} age+age2 +year+ birthdate+(1|idmother) 
m{all  S× C}  
age+age2 +condition+leg +year + sex + birthdate + condition×sex+ 
(1|idmother) 
m{all + S × C + S × yr}  
age +age2+ condition+ leg+ year+ sex+ birthdate+ condition×sex +year×sex+ 
(1|idmother) 
 96 
 
m{all+ S x L}  age+ age2+ condition+ leg+ year+ sex+ birthdate+ leg×sex+ (1|idmother) 
m{all + S × L+ S × yr}  
age + age2 +condition+ leg+ year+ sex+ birthdate+ leg×sex+ year+sex+ 
(1|idmother) 
m{all + yr × C + S × yr}  
age + age2+ condition+ leg+ year+ sex+ birthdate+ condition×year+ sex×year+ 
(1|idmother) 
m{all + S × C+ C × yr}  
age + age2+ condition+ leg+ year+ sex+ birthdate+ condition×sex+ 
condition×year+ (1|idmother) 
m{all+ S × C + C × yr+ S × yr}  
age + age2+ condition+ leg+ year+ sex+ birthdate+ condition×sex+ 
condition×year+ sex×year +(1|idmother) 
m{all+ S × C × yr}  
age + age2 +condition+ leg+ year+ sex+ birthdate+ condition×sex 
condition×year+ sex×year+ condition×sex×year+ (1|idmother) 
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Table S2.  The 11-candidate linear mixed models explaining variation in eastern grey kangaroo offspring longevity (Y). Female 
identity (1|ID) was included as a random variable (random intercept), to account for use of triplicates.  
 
 
 
 
 
 
 
 
 
 
Model Description 
Y {.} (1|idmother) 
Y{a} age+ (1|idmother) 
Y {lip} lipid + (1|idmother) 
Y {prot} protein + (1|idmother) 
Y {C} condition + (1|idmother) 
Y {yr × bd} year + birthdate + year×birthdate+ (1|idmother) 
Y {all} age + lipid + protein +year+ birthdate+ condition + (1|idmother) 
Y {S × lip} age + lipid +year+ pysex + birthdate + condition + pysex×lipid + (1|idmother) 
Y {S × prot} age + protein+ year +pysex +birthdate+ condition +pysex×protein + (1|idmother) 
Y {S× lip + S × prot} age + protein+ lipid+ year +pysex +birthdate+ condition+ pysex×protein+ 
pysex×lipid+ (1|idmother) 
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APPENDIX 2: MODEL SELECTION AND MULTIMODEL INFERENCE 
SUMMARIES FOR PROTEIN AND LIPID CONCENTRATIONS 
 
Protein concentration in milk was best explained by four models, for which Akaike weights (wi) 
were ≥ 0.10 (Table S3). Apart from age of young, model-averaged parameters values that 
additively explained protein concentration were year of sampling and interactions between 
maternal condition and both sex of young and year of sampling (Table S5). For lipid 
concentration, five models were supported (wi ≥ 0.05; Table S2), and suggested that additive 
effects of year of sampling, birthdate of young, sex of young, and an interaction between 
maternal condition and sex of young best explained lipid concentration (Table S6).
 99 
 
Table S3. Model selection summary for linear mixed models explaining effects of maternal characteristics, age and sex of pouch 
young, year and birthdate on protein concentration in eastern grey kangaroo milk. LL, log-likelihood; K, number of estimated 
parameters; AICc = Akaike’s Information Criterion corrected for small sample size; Δi, difference between model AICc and the 
lowest AICc in the model set; wi, Akaike model weight.  Models are ranked in descending support, and models with substantial 
support (wi ≥ 0.05) are in bold. 
 
Model  LL K AICc Δi wi 
m {all + S × C + C × yr}  -1148.17 12 2321.42 0.00 0.40 
m {all + S × C + C×x yr + S × yr}  -1147.28 13 2321.82 0.40 0.32 
m {all + S × C ×  yr}  -1147.20 14 2323.86 2.44 0.12 
m {all + yr × C + S × yr}  -1149.58 12 2324.23 2.81 0.10 
m {all + S× L + S × yr}  -1151.65 11 2326.21 4.79 0.04 
m {all + S × C + S × yr}  -1151.29 12 2327.65 6.23 0.02 
m {all + S × L}  -1153.22 11 2329.35 7.93 0.01 
m {all + S × C}  -1153.53 11 2329.96 8.54 0.01 
m {yr + bd} -1159.83 7 2334.04 12.62 0.00 
m {all} -1157.62 10 2335.99 14.57 0.00 
m {yr} -1200.90 4 2409.93 88.51 0.00 
m {S × C} -1280.05 8 2576.59 255.17 0.00 
m {S × L} -1289.12 8 2594.72 273.30 0.00 
m{a + a2} -1294.36 5 2598.91 277.49 0.00 
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m {C} -1314.40 4 2636.93 315.51 0.00 
m {bd} -1317.81 4 2643.75 322.33 0.00 
m {L} -1317.97 4 2644.08 322.66 0.00 
m {.} -1320.62 3 2647.32 325.90 0.00 
m {S} -1320.31 4 2648.75 327.33 0.00 
 
Table S4. Model selection summary for linear mixed models explaining effects of maternal characteristics, age and sex of pouch 
young, year and birthdate on lipid concentration in eastern grey kangaroo milk. LL, log-likelihood; K, number of estimated 
parameters; AICc = Akaike’s Information Criterion corrected for small sample size; Δi, difference between model AICc and the 
lowest AICc in the model set; wi, Akaike model weight.  Models are ranked in descending support, and models with substantial 
support (wi ≥ 0.05) are in bold. 
 
Model LL K AICc Δi wi 
m {all + S × C}  -1423.51 11 2869.92 0.00 0.36 
m {all + S × C + S × yr}  -1422.73 12 2870.53 0.61 0.26 
m {all + S × C + C × yr}  -1423.22 12 2871.50 1.58 0.16 
m {all + S × C + C × yr + S × yr}  -1422.18 13 2871.61 1.69 0.15 
m {all + S × C × yr}  -1422.17 14 2873.80 3.88 0.05 
m {all + yr × C + S × yr}  -1426.55 12 2878.18 8.26 0.01 
m {all} -1433.64 10 2888.03 18.11 0.00 
m {all + S  × L}  -1432.86 11 2888.63 18.71 0.00 
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m {all + S × L + S × yr}  -1433.73 11 2890.35 20.44 0.00 
m {yr + bd} -1450.46 7 2915.29 45.37 0.00 
m {yr} -1476.29 4 2960.71 90.79 0.00 
m {S × L} -1476.03 8 2968.54 98.62 0.00 
m {S  × C} -1479.67 8 2975.83 105.92 0.00 
m {S} -1495.28 4 2998.68 128.76 0.00 
m {bd} -1500.70 4 3009.53 139.61 0.00 
M {a + a2} -1503.44 5 3017.09 147.17 0.00 
m {L} -1507.44 4 3023.01 153.09 0.00 
m { C } -1507.62 4 3023.38 153.46 0.00 
m {.} -1510.95 3 3027.98 158.06 0.00 
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Table S5. Model-averaged parameter estimates with unconditional 95% confidence interval 
explaining variation in protein concentration in eastern grey kangaroo milk, using standardized 
variables (reduced and centered to the mean). 
 
Table S6. Model-averaged parameter estimates with unconditional 95% confidence interval 
explaining variation in lipid concentration in eastern grey kangaroo milk, using standardized 
variables (reduced and centered to the mean). 
 
 
 
 
 
Terms Parameter value
Lipid concentration
Year (reference=2014) -45.65
Sex of offspring (reference=female) 31.90
Maternal relative condition -0.47
Maternal leg length 0.16
Offpspring birthdate -21.36
Year*Sex 21.01
Maternal condition*Sex -25.84
Maternal condition*Year 6.88
-40.15, -11.53
-10.32, 52.35
-7.79, 21.54
95% confidence interval
-54.09, -37.21
20.99, 42.82
-12.90, 11.95
-9.06, 9.38
-30.85, -11.86
Terms Parameter value
Protein concentration
Year (reference=2014) -32.63
Sex of offspring (reference=female) -0.66
Maternal relative condition -0.34
Maternal leg length 2.42
Offpspring birthdate 2.10
Year*Sex -10.69
Maternal condition*Sex 7.7
Maternal condition*Year 8.88
1.75, 13.64
-24.81, 3.43
2.84, 14.92
95% confidence interval
-36.55, -28.71
-5.0, 3.68
-3.95, 3.27
-1.23, 6.08
-1.95, 6.15
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APPENDIX 3: DETAILED MULTIMODEL INFERENCE SUMMARIES FOR LIPID-
TO-PROTEIN RATIO (TABLES S7-S14) 
 
Table S7. Detailed model-averaging for estimate of birthdate of young explaining variation in 
lipid-to-protein ratio in eastern grey kangaroo milk, using standardized variables (reduced and 
centered to the mean). K, number of estimated parameters; AICc = Akaike’s Information 
Criterion corrected for small sample size; Δi, difference between model AICc and the lowest 
AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
 
 
 
 
 
 
 
 
Model K  AICc Δi wi Estimate SE
m { bd} 4 686.69 159.45 0.00 -0.51 0.07
m {all} 10 641.47 114.24 0.00 -0.77 0.10
m {yr + bd} 7 654.93 127.69 0.00 -0.70 0.09
m {all + S × C} 11 585.27 58.03 0.00 -0.89 0.10
m {all + S × C + S× yr} 12 578.22 50.98 0.00 -0.69 0.10
m { all + S × L} 11 630.82 103.58 0.00 -0.85 0.10
m {all + yr × C + S × yr} 12 578.97 51.73 0.00 -0.33 0.11
m {all + S × C + C × yr} 12 527.24 0.00 0.52 -0.41 0.11
m {all + S × C + C × yr + S × yr} 13 528.11 0.87 0.34 -0.36 0.11
m {all + S × C × yr} 14 529.79 2.55 0.15 -0.34 0.12
Model-averaged estimate -0.38
Unconditional SE 0.11
95% confidence interval -0.61, 0.16
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Table S8. Detailed model-averaging of estimate of maternal size explaining variation in lipid-
to-protein ratio in eastern grey kangaroo milk, using standardized variables (reduced and 
centered to the mean). K, number of estimated parameters; AICc = Akaike’s Information 
Criterion corrected for small sample size; Δi, difference between model AICc and the lowest 
AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
 
Table S9. Detailed model-averaging of estimate of maternal relative condition explaining 
variation in lipid-to-protein ratio in eastern grey kangaroo milk, using standardized variables 
(reduced and centered to the mean). K, number of estimated parameters; AICc = Akaike’s 
Information Criterion corrected for small sample size; Δi, difference between model AICc and 
the lowest AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
Model K  AICc Δi wi Estimate SE
m {C} 4 736.76 111.12 0.00 0.01 0.09
m {all} 10 641.47 15.83 0.00 0.21 0.09
m { all + S × L} 11 630.82 5.18 0.07 0.36 0.10
m {all + S × L + S × yr} 11 578.64 0.00 0.93 -0.09 0.10
Model-averaged estimate -0.06
Unconditional SE 0.15
95% confidence interval -0.35, 0.24
Model K  AICc Δi wi Estimate SE
m {L} 4 734.07 206.83 0.00 -0.16 0.10
m {all} 10 641.47 114.24 0.00 -0.31 0.10
m {all + S × C} 11 585.27 58.03 0.00 -0.48 0.12
m {all + S × C + S× yr} 12 578.22 50.98 0.00 -0.42 0.10
m {all + yr × C + S × yr} 12 578.97 51.73 0.00 -0.26 0.10
m {all + S × C + C × yr} 12 527.24 0.00 0.52 -0.31 0.11
m {all + S × C + C × yr + S × yr} 13 528.11 0.87 0.34 -0.31 0.11
m {all + S × C × yr} 14 529.79 2.55 0.15 -0.30 0.11
Model-averaged estimate -0.31
Unconditional SE 0.11
95% confidence interval -0.52, -0.10
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Table S10. Detailed model-averaging of estimate of offspring sex explaining variation in lipid-
to-protein ratio in eastern grey kangaroo milk, using standardized variables (reduced and 
centered to the mean). K, number of estimated parameters; AICc = Akaike’s Information 
Criterion corrected for small sample size; Δi, difference between model AICc and the lowest 
AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
Table S11. Detailed model-averaging of estimate of year of sampling explaining variation in 
lipid-to-protein ratio in eastern grey kangaroo milk, using standardized variables (reduced and 
centered to the mean). K, number of estimated parameters; AICc = Akaike’s Information 
Criterion corrected for small sample size; Δi, difference between model AICc and the lowest 
AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
 
 
 
Model K  AICc Δi wi Estimate SE
m {S} 4 729.82 88.34 0.00 0.38 0.14
m {all} 10 641.47 0.00 1.00 0.21 0.13
Model-averaged estimate 0.21
Unconditional SE 0.13
95% confidence interval -0.05, 0.47
Model K  AICc Δi wi Estimate SE
m {yr} 4 733.11 147.84 0.00 0.23 0.12
m {all} 10 641.47 56.21 0.00 0.12 0.11
m {yr + bd} 7 654.93 69.66 0.00 -0.04 0.11
m {all + S × C} 11 585.27 0.00 1.00 -0.06 0.10
m { all + S × L} 11 630.82 45.55 0.00 0.18 0.11
Model-averaged estimate -0.06
Unconditional SE 0.1
95% confidence interval -0.26, 0.13
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Table S12. Detailed model-averaging of estimate of relative maternal condition as a function 
of offspring sex explaining variation in lipid-to-protein ratio in eastern grey kangaroo milk, 
using standardized variables (reduced and centered to the mean). K, number of estimated 
parameters; AICc = Akaike’s Information Criterion corrected for small sample size; Δi, 
difference between model AICc and the lowest AICc in the model set; wi, Akaike model weight; 
SE, unconditional standard error. 
 
Table S13. Detailed model-averaging of estimate of relative maternal condition as a function 
of year of sampling explaining variation in lipid-to-protein ratio in eastern grey kangaroo milk, 
using standardized variables (reduced and centered to the mean). K, number of estimated 
parameters; AICc = Akaike’s Information Criterion corrected for small sample size; Δi, 
difference between model AICc and the lowest AICc in the model set; wi, Akaike model weight; 
SE, unconditional standard error. 
 
Model K  AICc Δi wi Estimate SE
m {S × C} 8 666.89 139.65 0.00 -1.10 0.16
m {all + S × C} 11 585.27 58.03 0.00 -1.36 0.15
m {all + S × C + S× yr} 12 578.22 50.98 0.00 -0.94 0.16
m {all + S × C + C × yr} 12 527.24 0.00 0.52 -1.52 0.14
m {all + S × C + C × yr + S × yr} 13 528.11 0.87 0.34 -1.37 0.16
m {all + S × C × yr} 14 529.79 2.55 0.15 -1.39 0.16
Model-averaged estimate -1.45
Unconditional SE 0.17
95% confidence interval -1.77, -1,12
Model K  AICc Δi wi Estimate SE
m {all + yr × C + S × yr} 12 578.97 51.73 0.00 -0.84 0.16
m {all + S × C + C × yr} 12 527.24 0.00 0.52 -1.25 0.15
m {all + S × C + C × yr + S × yr} 13 528.11 0.87 0.34 -1.20 0.16
m {all + S × C × yr} 14 529.79 2.55 0.15 -1.16 0.17
Model-averaged estimate -1.22
Unconditional SE 0.16
95% confidence interval -1.53, -0.91
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Table S14. Detailed model-averaging of estimate of year of sampling as a function of 
offspring sex explaining variation in lipid-to-protein ratio in eastern grey kangaroo milk, using 
standardized variables (reduced and centered to the mean). K, number of estimated parameters; 
AICc = Akaike’s Information Criterion corrected for small sample size; Δi, difference between 
model AICc and the lowest AICc in the model set; wi, Akaike model weight; SE, unconditional 
standard error. 
 
APPENDIX 4: DETAILED MULTIMODEL INFERENCE SUMMARIES FOR 
SURVIVAL TO WEANING (TABLES S15-S22) 
Table S15. Detailed model-averaging of estimate of maternal condition explaining offspring 
survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables 
(reduced and centered to the mean). K, number of estimated parameters; AICc = Akaike’s 
Information Criterion corrected for small sample size; Δi, difference between model AICc and 
the lowest AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
 
Model K  AICc Δi wi Estimate SE
m {all + S × C + S× yr} 12 578.22 50.11 0.00 1.14 0.34
m {all + S × L + S × yr} 11 625.64 97.53 0.00 2.65 0.29
m {all + yr × C + S × yr} 12 578.97 50.86 0.00 1.77 0.29
m {all + S × C + C × yr + S × yr} 13 528.11 0.00 0.70 0.41 0.33
m {all + S × C × yr} 14 529.79 1.68 0.30 0.17 0.45
Model-averaged estimate 0.34
Unconditional SE 0.39
95% confidence interval -0.43, 1.1
Model K  AICc Δi wi Estimate SE
Y {C} 4 2813.07 344.09 0.00 42.33 4.46
Y {yr × bd} 10 2483.84 14.87 0.00 40.47 2.89
Y {all} 11 2484.14 15.17 0.00 42.78 3.31
Y {S × lip} 11 2470.14 1.17 0.36 50.78 3.68
Y {S × prot} 12 2468.97 0.00 0.64 54.22 4.04
Model-averaged estimate 52.98
Unconditional SE 4.26
95% confidence interval 44.63, 61.32
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Table S16. Detailed model-averaging of estimate of birthdate of young explaining offspring 
survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables 
(reduced and centered to the mean). K, number of estimated parameters; AICc = Akaike’s 
Information Criterion corrected for small sample size; Δi, difference between model AICc and 
the lowest AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
Table S17. Detailed model-averaging of estimate of protein concentration explaining 
offspring survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized 
variables (reduced and centered to the mean). K, number of estimated parameters; AICc = 
Akaike’s Information Criterion corrected for small sample size; Δi, difference between model 
AICc and the lowest AICc in the model set; wi, Akaike model weight; SE, unconditional standard 
error. 
 
 
Model K  AICc Δi wi Estimate SE
Y {all} 10 2483.84 14.87 0.00 -18.07 2.89
Y {S × lip} 11 2484.14 15.17 0.00 -17.12 2.95
Y {S × prot} 11 2470.14 1.17 0.36 -23.77 3.06
Y {S × lip + S× prot} 12 2468.97 0.00 0.64 -22.81 3.08
Model-averaged estimate -23.15
Unconditional SE 3.11
95% confidence interval -29.24, -17.06
Model K  AICc Δi wi Estimate SE
Y {prot} 4 2780.61 296.77 0.00 58.86 5.00
Y {yr × bd} 10 2483.84 0.00 0.54 47.38 7.37
Y {all} 11 2484.14 0.30 0.46 45.37 7.47
Model-averaged estimate 46.45
Unconditional SE 7.49
95% confidence interval 31.78, 61.13
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Table S18. Detailed model-averaging of estimate of lipid concentration explaining offspring 
survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables 
(reduced and centered to the mean). K, number of estimated parameters; AICc = Akaike’s 
Information Criterion corrected for small sample size; Δi, difference between model AICc and 
the lowest AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
Table S19. Detailed model-averaging of estimate of year of sampling explaining offspring 
survival to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables 
(reduced and centered to the mean). K, number of estimated parameters; AICc = Akaike’s 
Information Criterion corrected for small sample size; Δi, difference between model AICc and 
the lowest AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
Table S20. Detailed model-averaging of estimate of offspring sex explaining offspring survival 
to weaning (i.e. 550 days) in eastern grey kangaroos, using standardized variables (reduced and 
Model K  AICc Δi wi Estimate SE
Y {lip} 4 2846.60 376.46 0.00 31.75 4.96
Y {yr × bd} 10 2483.84 13.70 0.00 19.92 3.67
Y {all} 11 2470.14 0.00 1.00 18.99 3.5
Model-averaged estimate 19.00
Unconditional SE 3.5
95% confidence interval 12.14, 25.86
Model K  AICc Δi wi Estimate SE
Y {all} 10 2483.84 14.87 0.00 1.37 5.67
Y {S × lip} 11 2484.14 15.17 0.00 1.46 5.63
Y {S × prot} 11 2470.14 1.17 0.36 -14.98 6.69
Y {S × lip + S× prot} 12 2468.97 0.00 0.64 -15.61 6.62
Model-averaged estimate -15.37
Unconditional SE 6.67
95% confidence interval -28.44, -2.30
Model K  AICc Δi wi Estimate SE
Y {S} 4 2866.90 385.15 0.00 -26.46 6.25
Y {all} 9 2481.75 0.00 1.00 -35.51 4.04
Model-averaged estimate -35.51
Unconditional SE 4.04
95% confidence interval -43.42, -27.59
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centered to the mean). K, number of estimated parameters; AICc = Akaike’s Information 
Criterion corrected for small sample size; Δi, difference between model AICc and the lowest 
AICc in the model set; wi, Akaike model weight; SE, unconditional standard error. 
 
Table S21. Detailed model-averaging of estimate of protein concentration as a function of 
offspring sex explaining offspring survival to weaning (i.e. 550 days) in eastern grey kangaroos, 
using standardized variables (reduced and centered to the mean). K, number of estimated 
parameters; AICc = Akaike’s Information Criterion corrected for small sample size; Δi, 
difference between model AICc and the lowest AICc in the model set; wi, Akaike model weight; 
SE, unconditional standard error. 
 
Table S22. Detailed model-averaging of estimate of lipid concentration as a function of 
offspring sex explaining offspring survival to weaning (i.e. 550 days) in eastern grey kangaroos, 
using standardized variables (reduced and centered to the mean). K, number of estimated 
parameters; AICc = Akaike’s Information Criterion corrected for small sample size; Δi, 
difference between model AICc and the lowest AICc in the model set; wi, Akaike model weight; 
SE, unconditional standard error. 
 
 
 
Model K  AICc Δi wi Estimate SE
Y {S × lip} 11 2484.14 15.17 0.00 12.22 8.88
Y {S × lip + S× prot} 12 2468.97 0.00 1.00 15.67 8.44
Model-averaged estimate 15.66
Unconditional SE 8.44
95% confidence interval -0.87, 32.2
Model K  AICc Δi wi Estimate SE
Y {S × prot} 11 2470.14 1.17 0.36 35.99 8.70
Y {S × lip + S× prot} 12 2468.97 0.00 0.64 37.51 8.63
Model-averaged estimate 36.97
Unconditional SE 8.68
95% confidence interval 19.95, 53.99
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APPENDIX 5: DISTRIBUTION OF THE MACRONUTRIENT CONCENTRATIONS 
Figure S1: Sample distribution for total protein concentrations (mg/mL), for both years of 
the study. 
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Figure S2: Sample distribution for lipid concentrations (mg/mL), for both years of the study. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
